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ARTICLE INFO ABSTRACT

Editor: D. Aga A new diffusive gradients in thin films technique (HR-ZCA DGT) was developed for simultaneous two-

dimensional (2-D) chemical imaging of sulfides, metallic cations and oxyanions (S, Cd, Co, Fe, Cu, Mn, Ni, Pb,

Keywofi?»' Zn, As, Cr, Mo, Sb, Se, V, P and W) at the submillimeter scale, combined with laser ablation inductively coupled

OXyanfon ) plasma mass spectrometry (LA-ICP-MS) analysis. A novel binding gel was prepared using a double precipitation

gofgztlauy toxic elements method with Agl and zirconium oxide (Zr-oxide) deposited sequentially on a preformed Chelex-100 resin gel. A
U e

good linear relationship was observed (R2>0.99) between mass accumulation of the 17 assessed elements on the
binding gel and the corresponding standardized laser ablation signals (signals of elements divided by signals of
internal standard '3C), proving the feasibility of LA-ICP-MS analysis. Good analytical precision (RSD<12 %) was
achieved for all 17 elements. A hybrid sensor comprising the novel DGT binding gel overlying an Oz planar
optrode was then tested in sediments to evaluate the dynamics of O, and multiple elements. Results showed that
the mobility of As, P and W were controlled by precipitation/dissolution processes with Fe/Mn oxides. V, Co, Ni,
Zn, Mo, Cd and Sb were released at the sediment surface with the oxidation of iron sulfides.

Diffusive gradients in thin films
Planar optrode

1. Introduction relationship with the behavior of manganese (Mn), iron (Fe) and sulfur

(S) (Amrane and Bouhidel, 2019; McKenzie, 1980; Ratié et al., 2019).

Metallic cations (Cd, Co, Cu, Ni, Pb and Zn) and oxyanions (As, Cr,
Mo, Sb, Se, V and W) are commonly detectable in the natural envi-
ronment (Mishra et al., 2019; Sarwar et al., 2017; Weidner and Cie-
sielezyk, 2019). Among them, Cu, Zn, Mo, Co, V and Se are essential
nutrients for animal and human (Zoroddu et al., 2019). Others are used
as industrial materials (Khademi et al., 2019). Phosphorus (P) is an
essential element, while also being a key factor contributing to
eutrophication in aquatic environments (Schindler et al., 2016). In the
natural environment, mobility and cycling of these elements are
controlled by precipitation/dissolution processes which have a close

In particular, dissolved sulfide has been shown to be the most impor-
tant factor controlling trace metal distribution in anoxic sediments (Di
Toro et al., 1990; Gao et al., 2015). In addition, direct or indirect in-
teractions between multiple elements affect their behavior in the
environment. Accordingly, simultaneous measurement of multiple el-
ements is important to help understand biogeochemical cycles in the
natural environment.

To avoid undesirable or unavoidable transformation during sam-
pling, transportation and sample handling, diffusive gradients in thin
films technique (DGT) (Davison and Zhang, 1994) has been used to
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measure various organic and inorganic elements in different environ-
ments such as water, soils and sediments (Li et al., 2019a). At present,
simultaneous measurement of three types of analytes, including cations,
oxyanions, and sulfides has been realized using a single binding gel
containing three binding agents: Chelex-100 resin, Zr-oxide and Agl
(Wang et al., 2019). The DGT-measured oxyanions include high and low
valence cations, such as chromate and Cr(OH)3 (Wang et al., 2019;
Chitrakar et al., 2006; Devillers et al., 2016). Furthermore, DGT coupled
to inductively coupled plasma mass spectrometry (LA-ICP-MS) can
provide two-dimensional (2-D) chemical imaging of multiple elements
at high resolution, including metallic cations and oxyanions (Gao et al.,
2015; Warnken et al., 2004; Guan et al., 2015; Fresno et al., 2017;
Valentinuzzi et al., 2015; Zhou et al., 2018; Stockdale et al., 2008), but
2-D imaging of sulfides has not been realized. It has been recognized that
data obtained simultaneously using a single DGT binding layer can be
easier to interpret especially for 2-D imaging, as deployment conditions
and spatial resolution are congruent (Stockdale et al., 2008). However,
no technique has been available for the simultaneous 2-D imaging of
sulfides, metallic cations and oxyanions using a single DGT binding
layer.

The precipitation/dissolution process reactions of cations, anions
and sulfides are reversible and can be highly sensitive to environment
conditions in sediments, such as dissolved oxygen (DO) and pH levels
(Guan et al., 2015). Typically, these parameters are measured using
microsensors in one spatial dimension, although this cannot allow for
the assessment of the heterogeneity of sediments at a two-dimension
level (Glud et al., 1996; Li et al., 2019b). The planar optrode (PO)
technique was first developed for the in-situ measurement of DO in
sediments at a high spatial resolution (< 100 pm) (Glud et al., 1996).
Recently, this technique has been modified for the measurement of
various solutes in sediments or soils, including pH, pCO,, NHZ, Fe?t
and Mn2" (Zhu, 2019). In addition, combined PO and DGT sensors
have been shown to be a promising method for the simultaneous
measurement of multiple analytes (Li et al., 2019b; Zhu, 2019; Kreu-
zeder et al., 2018; Hoefer et al., 2017; Stahl et al., 2012), and it is
desirable to enable 2-D imaging of more analytes with the development
of each techniques.

In this study, a new high resolution DGT (HR-ZCA DGT) was devel-
oped for simultaneous 2-D imaging of sulfides, metallic cations and
oxyanions (S, Fe, P, Mn, As, W, V, Co, Ni, Zn, Mo, Sb, Cr, Cu, Pb, Cd and
Se) at a submillimeter scale. All the elements were enriched in a new
DGT binding gel (HR-ZCA gel), followed by LA-ICP-MS analysis.
Furthermore, a hybrid sensor containing the binding gel and an O
planar optrode was deployed for simultaneous 2-D imaging of O, and
the aforementioned elements in sediments.
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2. Experiment
2.1. Materials and solutions

Deionized water (18.2 MQ cm Milli-Q water, Millipore) was used to
prepare solutions. Prior to use, all plastic containers and glassware were
acid-cleaned in 20 % (v/v) HNOs for over 24 h followed by thorough
rinsing with deionized water. All chemicals were supplied by the Na-
tional Standard Materials Network (Beijing, China), unless otherwise
stated. The binding agent Chelex-100 resin was provided by Bio-Rad
(USA). Acrylamide, N, N’ - methylene diacrylamide (MBA), N, N, N’,
N’ - tetramethylethylenediamine (TEMED) and ammonium persulfate
(APS) (Amresco, USA) were used for the preparation of binding gels,
while agarose (Bio-Rad, USA) was used to prepare the diffusive gel.
Platinum (II) 2, 3, 7, 8, 12, 13, 17, 18-octaethyl-21H, 23H-porphyrin
(PtOEP) (Frontier Scientific Inc., USA), Macrolex® fluorescence yellow
10 G N (MY) (Kremer Pigments Inc., USA) and polystyrene (PS) (Sigma-
Aldrich, USA) were used to prepare the O planar optrode.

2.2. Preparation of DGT and hybrid PO-DGT sensors

The diffusive gel was prepared using 1.5 % (m/v) agarose according
to the method reported by Wang et al. (2016) (Wang et al., 2016). The
binding gel was prepared using a novel procedure as follows. A weight of
0.4 g Chelex-100 resin was ground thoroughly. 0.153 g AgNO3 was
dissolved in 0.45 mL deionized water. The ground Chelex-100 resin and
dissolved AgNOj3 solution were then mixed with a 4.22 mL poly-
acrylamide solution, followed by the addition of 10 pL of 10 % w/w APS
and 2.5 pL. TEMED to form the gel solution. The gel solution was pipetted
between two preheated glass plates separated by 0.40 mm thickness
plastic spacers. After a 30 min polymerization period, the gel was
immersed in 500 mL of 0.2 mol L™! KI over 12 h. Then the gel was
immersed in a solution of 16.10 g ZrOCl,-8H50 dissolved in 500 mL of
deionized water for 2 h, followed by immersion in 500 mL of 0.05 mol
L' MES (pH = 6.70) for 40 min to form the binding gel (Guan et al.,
2015). The binding gel was immersed in deionized water to remove all
residual chemicals and then maintained in 0.01 mol L™! NaNOs before
use. All preparation steps were performed in the dark, at room tem-
perature. The diffusive gel (0.80 mm), binding gel (0.40 mm) and
Durapore® PVDF membrane (0.45 pm pore size and 100 pm thickness;
Millipore, USA) were assembled in a piston-type DGT unit (EasySensor
Ltd., Nanjing, China) for solution deployment.

The O, planar optrode was prepared by dissolving 10 mg PtOEP, 10
mg MY and 500 mg PS with toluene according to the method reported by
Larsen et al. (2011) (Larsen et al., 2011), with details provided in the
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Fig. 1. (a) Diagram of the combined DGT and PO sensor; (b) Diagram of the equipment used to investigate the gas permeability of the HR-ZCA gel; (c) LA-ICP-MS

analysis process diagram.
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Supplementary Information (SI). The DGT binding gel was mounted
onto the Oy planar optrode (2.0 pm thickness) using tape, avoiding the
formation of air bubbles. Following this, the PVDF membrane was
overlaid on the DGT binding gel to protect the gel, resulting in a hybrid
sensor with an overall approximate 0.50 mm thickness being formed for
deployment in sediments (Fig. 1a). Planar optrode imaging was per-
formed using a PO device (PO2100) provided by EasySensor Ltd.
(Nanjing, China), with two 410—420 nm LED arrays applied as the
excitation light sources. Images of the fluorescent light emitted by the
optrode were captured using a CCD camera (resolution 4272 x 2848
pixels) equipped with a macro lens (Fortune Technology, China) and a
460 nm long-pass emission filter (Nmot, China).

2.3. Validation of HR-ZCA DGT in solutions

To determine the elution efficiency of the binding gel for 16 elements
(all elements except S), the HR-ZCA gel was immersed in 20 mL of a
mixed solution containing the 16 elements (except for S) for 24 h.
Following this, the gel was retrieved and the metallic cations and oxy-
anions were eluted from the gel by a two-step procedure reported pre-
viously (Wang et al., 2019). Briefly, metallic cations were first eluted
from the binding gel using 1.0 mol L™! HNOs, followed by elution of
oxyanions using a mixture of 0.2 mol L™! NaOH and 0.5 mol L™! H,0,
(Wang et al., 2019). Comprehensive details are provided in SI. The
metallic cations and oxyanions in the elution solution were detected by
ICP-MS (Agilent Technologies 7700, USA). The elution efficiency of the
HR-ZCA gel for the 16 elements (except for S) was calculated as the ratio
between the amount eluted from the binding gel and the amount
removed from the working solution by absorption.

HR-ZCA DGT was validated in solution according to the following
procedure. The HR-ZCA DGT devices were immersed in 10 L of mixed
solution containing the 16 elements (except for S) for 24 h. DGT devices
were retrieved from the solution at time intervals of 1, 2, 6, 8,10,12,17,
20 and 24 h, with measurement of the concentration of each element
remaining in the solution. Additionally, the metallic cations and oxy-
anions were eluted from the binding gel and were measured by ICP-MS.
Further details are provided in SI. The relationship between the mass of
the 16 elements (except for S) accumulated in the HR-ZCA gel and
deployment time, was examined for validation of the HR-ZCA DGT
device.

2.4. Quantitative analysis of multiple elements using LA-ICP-MS

To test the feasibility of using LA-ICP-MS as a quantitative analytical
technique, calibration standards were prepared by plotting standardized
laser ablation signals of elements (signals of elements divided by signals
of internal standard '3C) versus the corresponding elemental mass
accumulated on the binding gel per analyzed ablation spot (pg/spot)
(Gao et al., 2015). The mass of multiple elements accumulated on the
binding gels per analyzed ablation spot (pg/spot) (Gao et al., 2015) was
calculated as follows. Total amount of element accumulated in the
binding gel, per area of exposed surface (3.14 crnz) was then multiplied
by the area of the ablation spot (3.53 x 10~* cm?). For this, quadru-
plicate DGT devices were deployed in 2 L working solutions containing
15 elements (all elements except for Fe and S) at varying individual
element concentrations of 0, 10, 20, 40, 80 and 100 pg Lt Working
solutions containing 15 elements (except for Fe and S) were diluted from
standard solutions (a mixture of 100 mg L' multielement standard so-
lution for ICP analysis), with 0.004 mol L1 Mg(NO3), added to the
mixed solutions to minimize adsorptive losses. To avoid competition and
precipitation reactions among multiple elements, 0.01 mol L' NaOH
and 0.01 mol L'} HNO3 were added to the solutions for the adjustment of
pH values to within 5.0—6.0. After 24 h of deployment, three binding
gels were eluted by the two-step extraction procedure as described
above (Wang et al., 2019) for the measurement of metallic cations and
oxyanions by ICP-MS. The fourth gel was dried using a gel vacuum dryer
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prior to LA-ICP-MS analysis as follows. The gels were placed onto three
layers of PVDF membranes and were covered by one layer of PVDF
membrane, and then were transferred to a NZG-A type gel vacuum dryer
(JUNYI Electrophoresis, Beijing, China), where they were dried at 50 °C
for 3 h. In the drying process, only the gel thickness diminished, while all
other dimensions were maintained. After drying, six random lines at the
central position of the dried gels were selected for LA-ICP-MS analysis,
with each line containing ~80 laser points. To test the precision of
LA-ICP-MS analysis, average and relative standard deviation (RSD)
values of the standardized laser ablation signals for the six random lines
of each gel were calculated.

Due to its easy oxygenation and precipitation in solution, working
solutions of Fe(II) were prepared separately and Fe(II) was measured by
phenanthroline colorimetric methods (Xu et al., 2013) using an Epoch
Microplate Spectrophotometer (BioTek, USA). In addition, working so-
lutions of sulfide were also prepared separately due to its easy oxygen-
ation and precipitation. After retrieval of the binding gels, three binding
gels were processed to measure the accumulated sulfide mass according
to the method reported by Teasdale et al. (1999) (Teasdale et al., 1999).
A fourth gel was dried as mentioned above for further LA-ICP-MS
analysis.

After drying, the binding gel was mounted onto glass microscope
slides using double-sided adhesive tape, avoiding uneven surface caused
by air bubbles and was then further ablated. An ASI RESOLution-LR-
S155 laser microprobe equipped with a Coherent Compex-Pro 193 nm
ArF excimer laser was used for laser sampling, with ion-signal intensities
obtained using an Agilent 7700x ICP-MS instrument. To improve
analytical precision, the 13C, which is the major elemental component of
the matrix of the binding gel, was used as an internal normalization
standard as proposed by Lehto et al. (2012) (Lehto et al., 2012). The
operating conditions for LA and ICP-MS analysis are summarized in
Table 1.

2.5. DGT-PO hybrid sensor tests

2.5.1. Gas permeability of the binding gel

For the hybrid sensor, Oy passing through the DGT binding gel is
captured by the Oy planar optrode. Accordingly, application of the
hybrid sensor requires that the DGT binding gel should be gas perme-
able. A device was designed to investigate the gas permeability of the
binding gel (Fig. 1b), consisting of a base, a ring-shaped cover and a
binding gel. The groove at the top of the base was hollow to ensure that
gas could pass through. The binding gel was placed in the groove and
was fixed by the ring-shaped cover. The groove is hollow and the cover is
ring-shaped, resulting in both sides of the binding gel being exposed to
O,. When the device was upended on the sediment surface, a chamber
formed between the exposed surface of the binding gel and the sediment.
Accordingly, the gas permeability of the binding gel could be investi-
gated by measuring the change of Oy concentration in the chamber
(Fig. 1b).

The device containing a binding gel was deployed in a sediment core
with overlying water (10 cm depth) above the sediment-water interface
(SWI). Initial Oy concentrations in the overlying water were ~5.5 mg

Table 1

Operating parameters of the LA-ICP-MS system.
LA ICP-MS
Laser spot size 188um transport gas (Ar) flow 900 mL/

rate min

Distance between lines 0 Internal standard 3¢
Scanning speed 50 pm/s
Acquisition time 0.006 s

Repetition rate 10 Hz

Energy output 2.5 J/cm?
Carrier gas (He) flow 300 mL/
rate min
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SE MAG: 3000x HV: 20kV WD: 21.4mm
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Point number

Fig. 2. SEM-EDS images of the HR-ZCA binding gel. (a) Surface image of the binding gel; (b) Distribution of elements in the binding gel; (c) Cross-section image of
the binding gel, with the red arrow indicating the direction from the back to the surface of the binding gel.

L. The changes in O, concentrations in the chamber during 170 min of
deployment were measured at 5 min intervals using a microelectrode
(Unisense, Denmark).

2.5.2. Calibration of the planar optrode

The calibration process for the planar optrode in the hybrid sensor
was carried out according to the method previously reported by Christel
et al. (2016) (Christel et al., 2016). The 2 x 2 cm hybrid sensor was
attached to the inside wall of a transparent Perspex box (10 x 10 x 20
cm). Deionized water was added to the box and the hybrid sensor was
immersed in water. Planar optrode imaging was conducted under
varying dissolved oxygen levels, adjusted using an air pump (Eheim,
Germany). The equilibrium time is the time needed that fluorescence
intensity of the planar optrode reaches stability. Considering the thick-
ness of the hybrid sensor, a 10 min equilibration time was adopted.
Detailed methodology is provided in SI.

2.5.3. Sediment measurements

Sediment cores and overlying water were collected from Meiliang
Bay (31°26'18” N, 120°11'12" E), in the northern part of Lake Taihu
(Jiangsu, China). Sediment cores were sectioned at 2-cm intervals and
were placed in the transparent Perspex box according to their original
depth. Next, the boxes were put into a tank containing a 35 cm depth of
filtered lake water. The water was oxygenated for two weeks to create
aerobic conditions and after two weeks of incubation, one sidewall of
the boxes was removed and the hybrid sensor was attached to it and was
exposed to the transparent window (Fig. 1a). The boxes were then
allowed to continue incubating for 24 h under aerobic conditions and
during this period, fluorescent images were recorded at 8 -h intervals.
After 24 h of deployment, the hybrid sensor was retrieved. Before drying
of the binding gel for LA-ICP-MS analysis, the 2-D distribution of sulfides
were obtained using the CID method previously reported by Wang et al.
(2019) (Wang et al., 2019). Additionally, the 2-D image of sulfide

obtained by LA-ICP-MS analysis was compared with the image using the
CID technique. All experiments were carried out at 25 °C and the process
diagram is presented in Fig. 1c.

2.5.4. Sample analysis and calculation

Scanning electron microscopy (SEM) and energy dispersive analysis
(EDS) (ZEISS EVO 18, Germany) were used to characterize the dried
binding gel for investigation of the distribution of binding agents in the
binding gel. The 2-D distribution of DGT-labile sulfide fluxes was ob-
tained using the CID method according to the method reported by Wang
et al. (2019) (Wang et al., 2019). The binding gel was scanned using a
CanoScan 9000F-type scanner. Based on the scanned images, the areas
of interest in the binding gel were processed using Image J software. The
2-D distribution of DGT-labile fluxes of all 17 elements were obtained
using LA-ICP-MS and Iolite 4.0 software, with further smoothing per-
formed using the image smoothing function of Photoshop software.

The mass of target solutes accumulated on binding gels (M, ng) were
calculated according to the method reported by Zhang et al. (1995) (Eq.
S2) (Zhang and Davison, 1995). The DGT-measured concentration
(Cpgr, mg-L™1) of target solutes were also calculated according to the
Zhang et al. (1995) method (Eq. S3) (Zhang and Davison, 1995). The
diffusion coefficients (cm?.s™1) of analytes were applied as cited by
Wang et al. (2016) (Wang et al., 2016). The mean flux (F, ug-cm'z-s’l)
of DGT-labile element fractions were calculated according to the method
reported by Li et al. (2019) (Eq. S4) (Li et al., 2019a).

Pearson correlation analysis was performed using SPSS 16.0 soft-
ware, for the evaluation of significant correlations between parameters.

3. Results and discussion
3.1. SEM-EDS images of the binding gels

Effective coupling of the DGT technique with LA-ICP-MS analysis,
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Table 2
Elution efficiency of the HR-ZCA binding gel for 16 elements (except for S).
Values represent the mean + SD of three replicates.

Element Elution efficiency (%) Element Elution efficiency (%)
Mn 91.8 +£1.25 \% 92.1 £+ 3.43
Co 94.1 +2.38 Cr 99.1 + 1.54
Ni 95.6 + 1.44 As 99.2 + 1.05
Cu 90.2 +1.87 Se 99.7 £1.02
Zn 88.7 +2.21 Mo 97.5 + 2.39
cd 95.9 +1.07 Sb 98.0 + 2.85
Pb 99.2 £+ 1.69 w 94.2 £+ 3.42
Fe 88.8 +1.92 P 87.6 + 2.08

requires that binding agents in the binding gel should be small enough
(<10 pum) to ensure minimal variation in the distribution of binding sites
for analytes (Guan et al., 2015). To investigate the distribution of the
three binding agents in the binding gel, the vacuum dried gel was
characterized by SEM-EDS, with the cross-linked structure observed in
the binding gel (Fig. 2a). Furthermore, the signal intensities of Zr, Ag
and I elements exhibited peak values in the region of the gel surface
(Fig. 2¢), indicating that Zr-oxide and Agl were enriched on the upper
surface of the binding gel. The surface image of the binding gel
confirmed that Zr, Ag, I and O elements were distributed evenly
(Fig. 2b). Since O is a major elemental component of Chelex-100 resin
(Yabutani et al., 1999), it indicates that Zr-oxide, Agl and the
Chelex-100 binding agent were all evenly distributed on the surface of
the binding gel.

Journal of Hazardous Materials 403 (2021) 123597
3.2. Elution efficiencies of the binding gel

The elution efficiencies of the HR-ZCA gel for 16 elements (except for
S) are listed in Table 2, with the elution efficiency for Se being the
highest (99.7 %) and that for P being the lowest (87.6 %). The elution
efficiencies of the HR-ZCA gel were compared with the corresponding
values from previously reported literature on ZrO-CA gels containing the
same binding agents (Wang et al., 2019). The elution efficiency of the
HR-ZCA gel for Co, Ni, Cu, Cr, Se, Zn, Cd, Pb, Mo, W, Fe and P were
similar to the previously reported ZrO-CA gel values. In contrast, the
elution efficiencies of the HR-ZCA gel for As, Sb and V (99.2 %, 98.0 %
and 92.1 %, respectively) were much higher than those previously re-
ported for ZrO-CA gels (76.2 %, 54.3 % and 55.1 %, respectively) (Wang
et al., 2019).

3.3. Validation of HR-ZCA DGT in solutions

The HR-ZCA DGT device was validated by examining the relation-
ship between the masses of all 16 elements (except for S) accumulated in
the HR-ZCA gel and the deployment time, with results shown in Fig. 3.
The measured mass of each element was calculated using Eq. S2, with
results showing that all increased linearly with time throughout the
deployment period (R? for all 16 elements >0.997). The experimental
data agreed well with the theoretical predicted values calculated using
Eq. S3, with the measured/predicted ratio for all 16 elements being
between 0.99 and 1.02, validating the use of the HR-ZCA gel for DGT
measurement.

3 31 N
,c;? 30 Fe Co Ni o Cu
T/)/ 20 1 .2 2 1 2 2 1 2
g R™=0.999 R™=0.999 R™=0.999 l |
£ 10 11 11
el Measured / Predicted Measured / Predicted Measured / Predicted Measured / Predicted
g 0 =101 +0.02 04 =101 £0.02 0 =100 =001 0 =1.024002
4 0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
[}
3
= 3 As cd 2 Cr 3{ Mn
2 1 2 ] 2 2 2 |
/EB R™=0.998 R™=0.999 l i R™=0.999
= 14 1 1.
a Measured / Predicted ~ Measured / Predicted Measured / Predicted Measured / Predicted
g 04 =1.02£0.04 0 =099£0.03 04 =0.99£0.01 04 =1.02£0.03
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Fig. 3. Relationships between the accumulated mass of each element in HR-ZCA DGT devices with deployment time.
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Table 3

Average and RSD (%) values of standardized laser ablation signals (element signal divided by the internal standard '3C signal) of six random lines on gels deployed in
six different working solutions.

- Working solution 1 Working solution 2 Working solution 3 Working solution 4 Working solution 5 Working solution 6
men!

ement Average RSD Average RSD Average RSD Average RSD Average RSD Average RSD
\ 0.02 8.0 3.2 4.2 6.67 2.9 14.0 8.6 28.9 11.6 333 9.2
Cr 0.02 4.1 0.2 85 0.4 8.3 0.8 11.1 1.6 8.4 1.4 8.5
Mn 0.17 10.7 2.1 5.3 3.7 2.8 8.5 3.6 20.9 8.5 19.9 8.4
Co 0.002 4.3 2.2 4.2 4.4 1.3 9.2 8.1 19.8 6.3 24.1 7.4
Ni 0.007 2.9 0.6 10.9 0.9 2.9 1.8 8.3 4.0 8.7 4.7 8.1
Cu 0.04 5.2 0.4 7.1 0.9 3.4 1.8 8.8 4.1 9.5 4.8 7.0
Zn 0.16 3.9 0.9 7.3 0.9 8.4 1.9 4.4 2.4 7.3 4.04 10.0
As 0.01 1.6 0.3 5.5 0.6 1.3 1.2 7.3 2.6 10.8 2.9 7.9
Se 0.001 5.0 0.03 4.6 0.06 2.7 0.1 12.2 0.2 8.4 0.3 11.0
Mo 0.015 2.0 0.5 6.9 1.0 2.7 1.1 2.1 1.4 10.7 2.5 9.1
Cd 0.01 4.0 0.2 7.8 0.4 3.6 0.6 6.8 1.4 2.1 1.9 9.3
Sb 0.014 1.7 1.0 6.3 2.2 3.2 4.0 9.6 8.2 5.5 8.7 10.9
w 0.001 7.0 0.7 7.6 1.4 2.9 2.9 9.1 5.1 11.7 4.8 8.6
Pb 0.004 9.2 11 5.4 2.2 4.5 4.4 7.2 9.2 10.6 7.8 8.8
P 0.07 5.2 0.7 4.1 1.3 5.6 2.6 3.6 5.1 10.0 6.0 2.7
Fe 0.003 10.2 0.01 7.9 0.02 6.3 0.04 6.6 0.09 5.4 0.1 6.5
S 0.02 2.3 31.0 8.6 37.0 4.1 44.0 6.5 58.0 7.0 61.0 9.6
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Fig. 5. Change in O, concentration in the chamber formed between the
exposed surface of the binding gel and the sediment surface.

3.4. Analytical performance of LA-ICP-MS

Calibration standards were prepared for the quantitative calculation
of multiple elements in the binding gel using LA-ICP-MS analysis.
Standardized laser ablation signals (element signals divided by internal
standard 3C signals) for all 17 elements were plotted versus their
accumulated mass on binding gels per analyzed ablation spot (pg/spot),
with the generated curves provided in Fig. 4. A good linear relationship
(R2 for all 17 elements >0.99) was observed between the accumulated
mass on binding gels and the corresponding standardized laser ablation
signal, confirming the feasibility of use of LA-ICP-MS as a quantitative
analysis technique for DGT measurement.

To assess the precision of LA-ICP-MS analysis, average and relative
standard deviation (RSD) values of the standardized laser ablation sig-
nals of six random lines on the gels deployed in different working so-
lutions were calculated, with the results listed in Table 3. Good
analytical precision was achieved for all 17 elements with most of the

Depth (mm)

Depth (mm)
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RSD values being less than 10 % and the lowest being 1.3 %. The highest
RSD value in this study was 12.2 % (for Se) which was similar to the
highest values previously reported in the literature of 10.5 % (for Ni)
(Wang et al., 2019) and 9.9 % (for As) (Stockdale et al., 2008).

3.5. Gas permeability of the binding gel for DGT-PO measurement

To investigate the gas permeability of the binding gel capable of PO
measurement, the binding gel containing device was upended on the
sediment surface (Fig. 1b). Changes in O, concentrations in the chamber
over time were measured and the results are shown in Fig. 5. In the first
5 min, O, concentrations in the chamber decreased from ~5.5 mg Lt
~4.8 mg L7} likely due to consumption of O, by various processes
occurring at the sediment surface. Following this, Oz concentrations in
the chamber increased from ~4.8 mg L™! at the end of 5th minute to
~5.2 mg L™! at the end of 10th minute and remained at ~5.4 mg L™}
thereafter. Results demonstrated that the HR-ZCA binding gel was gas
permeable and could effectively be coupled with the O planar optrode
to form a hybrid sensor for the simultaneous measurement of multiple
elements and O, concentrations.

3.6. Distribution of multiple elements and O2 in sediments measured using
the hybrid DGT-PO sensor

The 2-D distribution of DGT-labile fluxes of all 17 elements based on
LA-ICP-MS analysis and 2-D imaging of O, concentrations at the end of
the 24 h deployment time are shown in Fig. 6. The 1-D distribution of
DGT-labile fluxes of all 17 elements and 1-D imaging of O concentra-
tions were mapped, as shown in Fig. 7. The fluxes of Se measured by LA-
ICP-MS analysis were mostly very low. As a result, other elements except
Se, were mainly discussed in the following discussion.

The CID method has been used for 2-D imaging of sulfide in previ-
ously reported literature. The inclusion of sulfide measurements by LA-
ICP-MS analysis is desirable for the easy interpretation of results, as the
resolution and measurement conditions are comparable to the other
elements. To demonstrate the utility of LA-ICP-MS analysis for the

N 0
(pg/cm/s)

03
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5 10
Width (mm)

Depth (mm)

5 10 15 5 10 15 S 10
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5 10 S
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Fig. 6. 2-D distribution of DGT-labile fluxes of all 17 elements with LA-ICP-MS analysis and 2-D imaging of O, concentrations.
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Fig. 7. 1-D vertical distribution of DGT-labile fluxes of all 17 elements at a 0.188 mm resolution and 1-D distribution of O, concentrations at a 0.079 mm resolution.

quantitative calculation of sulfide fluxes, the results obtained by LA-ICP-
MS analysis were compared with results obtained using the CID method.
The distribution of DGT-labile sulfide fluxes obtained using the CID
method is shown in Fig. S1. 2-D and 1-D sulfide distributions obtained by
LA-ICP-MS analysis were found to be similar with those obtained using
the CID method. In addition, from 5 mm above the SWI to a sediment
depth of —28 mm, fluxes of sulfide measured using LA-ICP-MS analysis
ranged from ~0 to ~15.3 pg-cm 2.5, which were similar to those
determined using the CID method (ranging from ~0 to ~12.5
pg-cm 2.5, It has previously been reported that a change in sulfide
concentrations cannot be reflected when the gray scale exceeds 255, as a
result, the CID method are subject to the coloration of the gel while laser
ablation analysis are not (Wang et al., 2019). Accordingly, LA-ICP-MS
analysis was confirmed to be a more suiTable 2 -D imaging technique
and the sulfide data obtained by LA-ICP-MS analysis was used for all
further discussion.

In sediments, metals and metalloids can be adsorbed onto, or co-
precipitated by Fe/Mn oxides and sulfides, resulting in their mobility
depending on the redox potential of sediments and exhibits different
responses for varying sediment types with different characteristics
(Banks et al., 2012). The redox conditions in sediments are usually
stratified and zones are frequently referred to as being oxic, sub-oxic, or
anoxic (Nelson et al., 2004; Preisler et al., 2007). The oxic zone occurs at
the sediment surface with high O, levels of penetration into the sedi-
ment surface. The sub-oxic zone is the zone in which Fe/Mn oxides serve
as electron donors for organic matter mineralization and sulfide oxida-
tion. The sulfidic zone is the boundary layer in which sulfide produced
from the reduction of sulfate diffuses from the deeper sulfate zone
(Nelson et al., 2004).

P, W, As, Fe and Mn exhibited highly similar distribution patterns in

the sediment profile (Figs. 6 and 7). In addition, correlation between 17
elements fluxes were analyzed and results showed that P, W and As were
all significantly positively correlated (p < 0.01) with Fe and Mn
(Table 4). These results demonstrate that the mobility of P, W and As are
controlled by Fe/Mn oxides. The fluxes of these five elements were small
at the sediment surface, while increased to higher values from a sedi-
ment depth of 5 mm-20 mm. The small flux values for Fe, Mn, P, W and
As at the sediment surface may be because in the upper oxic zone,
manganese and iron occur mostly in oxidized mineral phases and trace
elements complexed with Fe/Mn oxides may not be measured (Hongve,
1997). However, with deeper depths into the sub-oxic zone, Fe/Mn
oxides serve as oxidants in the mineralization of organic matter, causing
an increase in Fe(II)/Mn(II) with increasing depth when reduction oc-
curs. As a result, the adsorbed and coprecipitated trace elements by
Fe/Mn oxides are released into the pore water, causing an increase in the
flux of Fe, Mn, P, W and As (Ding et al., 2016; Chen et al., 2018).
Correlation analysis results showed that significant positive corre-
lations (p < 0.01) were found between V, Co, Ni, Zn, Mo, Cd and Sb
(Table 4). In contrast to Fe, Mn, P, W and As, the fluxes of V, Co, Ni, Zn,
Mo, Cd and Sb were high at the sediment surface, indicating that the
mobility of these elements was not controlled by Fe/Mn oxide precipi-
tation/dissolution processes. It has previously been indicated that the
oxidation of iron sulfides by oxygen in sediment environments and the
generation of SOF~ as a product, occurs via a rapid process, with trace
elements coprecipitated along with iron sulfides and released at the
sediment surface (Morse, 1991; Moses and Herman, 1991). In addition,
oxidized iron was significantly enhanced at the sediment surface which
also suggests a major fraction of Fe?>' is produced due to iron sulfide
dissolution (Naylor et al., 2004). In this study, V, Co, Ni, Zn, Mo, Cd and
Sb all exhibited a significant and negative correlation (p < 0.01) with S
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Table 4

Correlations between DGT-labile fluxes of all 17 elements from a sediment depth of 0 mm to —28 mm. (* and ** indicate that correlations are significant at the 0.05 and 0.01 level, respectively).

Pb

Sb

Cd

Mo

Se

As

Zn

Cu

Ni

Co

Fe

Mn

Cr

1

0.031
0.17

1

~0.886**
0.384+*
0.011

1

—0.393**

0.05

0.173*

Cr

1

0.208%*

0.967**

Mn

0.286** 0.897%* 1

~0.236%*
0.881+*

0.206*

0.943**

Fe

1

—0.481**
—-0.126
-0.112
—0.75%*
0.636**
0.131

—0.437** —0.207**
0.1

—0.461%*
0.054

~0.886**
—0.758%*
0.662**

—0.27%*
0.77

Co

0.7047+

0.731%*

~0.315% 1

0.435%*

~0.567+*
0.842%*

—0.61%** —0.204*

0.676**

—0.215%*

Cu

1

~0.344%
—0.427%
~0.021

~0.546**
0.876%*

—0.282%*
—0.062
—0.044

~0.607**  —0.68**

0.836**

Zn

1

~0.163*
~0.039
0.551**

0.443**
0.087

0.242%*
0.039

0.471%*
0.178*

—0.368**
—0.005

As

1

0.309**

0.248%*
0.002

0.234%*

Se

1

0.145
0.203*
0.115

0.434%*

~0.487%*
~0.593%
~0.163*

0.826** 0.797**

—0.265**
0.009

—0.521**

0.907**

—0.834**
—0.837**
—0.669**
—0.281**
—0.078

—0.004
0.253**
0.031

Mo
cd

1

0.628** 0.912%*
0.37%*

0.436**

0.754%*

0.765**

0.226**
0.046

—0.451%*
—0.578**

0.018

0.925%*

1

0.769%*

0.870%*

0.322%*
-0.329

0.027

0.801%*

0.589%*
0.86

—0.187*

0.783%*
0.135

0.677%*

Sb

w

0.25%*

0.245%* 0.307%* 0.539%*
0.16* 0.022

0.066

0.958**
0.206*

~0.439%+
0.068

0.331%*

0.923%*
0.131

0.35%*

0.925%*
0.11

1

0.118

0.154

0.236

0.074

0.024

0.037

Pb
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(Table 4). The mobility of these elements increased with the decrease in
sulfide flux, with Oz concentrations showing relatively high values at the
sediment surface (Figs. 6 and 7). These results indicate that high
mobility of V, Co, Ni, Zn, Mo, Cd and Sb at the sediment surface may
occur due to the oxidation of iron sulfides by oxygen.

It can be seen from the 2-D distribution figure that from a sediment
depth of -20 mm to -25 mm, the DGT-labile fluxes of Ni, Zn, Mo and Sb
showed nearly simultaneous local increases (Fig. 6). However, this
simultaneous local increase cannot be seen in the 1-D distribution re-
sults, which highlights the advantage of LA-ICP-MS analysis for better
understanding sediment geochemistry (Fig. 7). Previous studies have
indicated that sulfide enters the sub-oxic zone by local sulfate reduction
or by diffusion upwards from the sulfidic zone and is then rapidly
consumed by Fe(IlI) at the interface of the sub-oxic zone and sulfidic
zone (Nelson et al., 2004; Preisler et al., 2007). In this study, the local
(from a sediment depth of -20 mm to -25 mm) increase in fluxes of Ni,
Zn, Mo and Sb may occur due to the oxidation of sulfide by Fe(IIl), thus
releasing trace elements complexed with sulfides. In addition, from a
sediment depth of —12 mm to -20 mm, DGT-labile fluxes of S, V, Co and
Zn showed nearly simultaneous local increases (Fig. 6). However, this
simultaneous local increase cannot be seen in the 1-D distribution results
(Fig. 7). It has previously been reported, that sulfide is consumed by Fe
(III) at the interface of the sub-oxic zone and the sulfidic zone with a
fraction of Fe(II) escaping into the sub-oxic zone (Teasdale et al., 1999;
Banks et al., 2012) and in the absence of oxygen, the escaped Fe(II) is
rapidly oxidized by Mn oxides. Furthermore, S° generated during
oxidation may be microbial disproportionated to sulfide and sulfate,
leading to an increase in S(II) (Aller and Rude, 1988). The local increase
in fluxes of S, V, Co and Zn from a sediment depth of —12 mm to -20 mm,
may occur due to the oxidation of iron sulfide causing a release of ele-
ments, while sulfide is regenerated for further cycling.

Correlation analysis results showed that DGT-labile fluxes of Cr and
Cu both exhibited significant positive correlations (p < 0.01) with DGT-
labile fluxes of S (Table 4), indicating that the mobility of Cu and Cr may
be partially influenced by sulfide. However, other factors may also
control their mobility as neither exhibited an obvious similarity in dis-
tribution compared with other elements. DGT-labile fluxes of Pb had
significant positive correlations (p < 0.05) with As and Mo across the
whole sediment profile (Table 4). In addition, DGT-labile Pb fluxes
showed peak values at a sediment depth of -10 mm (Figs. 6 and 7), at the
same position where the peak value of Fe, Mn, As, P and Mo appeared.
Overall, these findings highlight that the main factors controlling the
mobility of Pb remains unclear and further investigation is required.

4. Conclusions

The novel HR-ZCA DGT can simultaneously measure Cd, Co, Cu, Ni,
Pb, Zn, As, Cr, Mo, Sb, Se, V, W, Mn, Fe, S and P, at high resolution (188
pm x 188 pm) using LA-ICP-MS analysis. The three fine particle size
binding agents: Chelex-100 resin, Zr-oxide and Agl, were dispersed
homogeneously in the binding gels. A good linear relationship (R
>0.99) was observed between the mass accumulated on the binding gel
for the 17 elements and the corresponding standardized laser ablation
signals, indicating the feasibility of using LA-ICP-MS as an effective
quantitative analysis technique. Furthermore, a hybrid sensor
comprising the novel DGT binding gel overlying an O, planar optrode
was deployed in sediments for simultaneous high resolution 2-D imaging
of sulfides, metallic cations, oxyanions and DO. According to the 2-D
imaging results, P, W, As, Fe and Mn showed a similar simultaneous
distribution pattern. In addition, nearly simultaneous local increases in
some elements (Ni, Zn, Mo and Sb or S, V, Co and Zn) could be shown in
the 2-D distribution images, while these were not shown in the 1-D
distribution images. These results undoubtedly confirm that use of the
hybrid sensor can effectively improve our understanding of sediment
geochemistry and elemental dynamics.
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