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n ABSTRACT 17 

The speciation of selenium (Se) controls its fate and behavior, regulating both 18 

biological and environmentally relevant processes. However, in-situ monitoring of SeIV 19 

presents a significant challenge due to its sensitivity to redox change. A novel diffusive 20 

gradients in thin films (DGT) technique containing mercapto-, amino- bi-functionalized 21 

SBA15 mesoporous silica nanoparticles was developed and evaluated in a series of 22 

laboratory and field deployment tests. The SBA-DGT exhibited a linear accumulation 23 

of SeIV (r2 > 0.997) over a 72 h deployment, with negligible accumulation of SeVI (< 24 

5%). Consistent prediction of SeIV occurred within ionic strength and pH ranges of 0.1-25 

200 mmol L-1 and 3.6-8, respectively. Limits of detection of the SBA-DGT were 0.03 26 

μg L-1 for SeIV, allowing accurate quantification in natural waters. Moreover, the gel 27 

containing bi-functionalized SBA15 could be fabricated as an ultrathin (0.05mm) layer 28 

for use in conjunction with O2 planar optode imaging for mapping of the two-29 

dimensional distribution of SeIV and oxygen simultaneously in rice rhizospheres. This 30 

study shows that SBA-DGT provides a selective measurement of SeIV in-situ, 31 

demonstrating its potential for environmental monitoring and as a tool for improving 32 

our understanding of Se biogeochemical processes.   33 

 34 

  35 
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n INTRODUCTION 36 

Selenium (Se) is an essential trace element for human health, necessary for a host 37 

of biochemical roles, including glutathione peroxidase1 and thioredoxin reductase2 38 

catalyzed reactions. Despite its multiple positive effects, the ingestion of Se should be 39 

strictly controlled because the dose range for optimal exposure is exceptionally narrow 40 

in relation to other elemental nutrients. It is well understood that administration of Se 41 

at high concentrations is extremely toxic, indeed it features in some pesticide 42 

formulations.3 However, with recent evidence that even moderate over-exposure to Se 43 

can increase the risk of type-2 diabetes, it is now advised that people with adequate Se 44 

status, with serum and plasma concentrations between 120–150 μg L-1, should avoid Se 45 

supplements or fortified products. 4, 5 Yet, for up to 1 billion people worldwide, it is the 46 

lack of Se that is impacting on health.2  47 

Balancing diets to ensure that Se intakes are adequate but not excessive, is a 48 

complex task and regulating the Se in potable drinking water supplies and staple foods 49 

is crucial to this. Many countries, including the EU states and China, have adopted a 10 50 

μg Se L-1 maximum contaminant level (MCL) for potable waters.6, 7 Arguably, part of 51 

the Se food problem is about the apportionment of Se to crops in the correct amount 52 

and form, and there are significant number of fertilizer programs dedicated to resolving 53 

this.8, 9 However, agronomic priorities also have to complement hydrological 54 

management needs and far more is known about the Se concentrations in foods than the 55 

effects of Se additions on soils and their environmental loses.10 Set against this general 56 
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need to improve the supply of Se from soil-to-plants is also the eco-toxicological hazard 57 

that Se poses to aquatic life. For example, some regions now recommend that lake and 58 

rivers not exceed 1 μg Se L-1, based on the vulnerability of freshwater biota to Se 59 

toxicity.11     60 

In most natural settings, Se exists mainly in its inorganic form, species in which 61 

include selenite (SeIV), selenate (SeVI), elemental selenium (Se0), and selenide (often as 62 

H2Se).10, 12 Se reactivity, bioavailability, and any consequential biological and 63 

environmental impacts do not just depend on total concentrations.13 Inorganic SeIV  has 64 

been found to be up to 500 times more toxic than organic Se forms14 and poses a greater 65 

risk to aquatic organisms than SeVI.15 Transformation of the toxic Se oxyanions to 66 

elemental Se and selenide are considered effective detoxification processes.13 Therefore, 67 

a sensitive and accurate determination of Se speciation is imperative to understand the 68 

distribution and toxicity of Se in the environment. 69 

Numerous fractionation methods, such as co-precipitation,16 liquid-liquid 70 

extraction,17 and solid-phase extraction,18-20 are commonly used to sample Se. However, 71 

there is a far more limited range of detection systems for the measurement of 72 

environmental Se.21 Systems that convert the sampled Se to volatile hydrides tend to be 73 

highly sensitive but require a large amount of material and are time/labour intensive 74 

due to the redox reactions involved.21 Single quadrupole ICP-MS is the most common 75 

analyzer, often coupled with a separation stage based on HPLC. However, when 76 

operated under conventional conditions the measurement can be inadequately sensitive 77 
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for the Se concentrations encountered in natural waters,21 although this is less of a 78 

concern with new generation ICP-MS’s such as high resolution10 or triple quadrupole 79 

systems.22 Yet, irrespective of the detection system used, it is the ability of the sampling 80 

approaches to faithfully represent the environmental Se speciation trends, which 81 

remains the greatest challenge. During the collection, storage, and transportation of 82 

samples, physicochemical properties (such as pH, redox conditions, and availability of 83 

sorbing surfaces) are prone to change,23 thereby leading to Se speciation transformation. 84 

Such is the reactivity of the Se species that even subtle changes in the pH of mobile 85 

phases during HPLC separation can alter the speciation patterns.10 Passive samplers, 86 

which accumulate labile analyte species during their in-situ deployment, provide an 87 

alternative approach to overcome the above-mentioned limitations.24  88 

The In-situ diffusive gradients in thin-films (DGT) technique, developed by 89 

Davison and Zhang,25 has been successfully applied in monitoring inorganic species in 90 

natural waters26, 27 and metal fluxes in soils and sediments.28-30 Compared with other 91 

passive sampling methods, DGT has a number of advantages including: time-integrated 92 

concentration measurements; in-situ deployment; ease of use without the need to 93 

calibrate; operation over a wide range of conditions in both waters and soils; and both 94 

low detection limits and high element capacities.31 DGT samplers function by enabling 95 

the target element/species to diffuse through a filter membrane-diffusive gel stack, prior 96 

to immobilization on a binding phase. Changing the binding phase can give the DGT 97 

different properties and characteristics. DGT devices loaded with either precipitated 98 
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ferrihydrite32 or precipitated zirconia33 gels are the common configurations used for 99 

measuring inorganic Se, and other oxyanions such as phosphorus, arsenic, and 100 

antimony in waters and sediments. However, these samplers cannot distinguish between 101 

different Se species. In previous studies, in-situ determination of SeIV with DGT was 102 

achieved using a TiO2 based adsorbent as the binding layer,34, 35 but it was also found 103 

to adsorb SeVI with an uptake efficiency of 19.3% for SeVI. In the solutions tested, this 104 

represented an overestimate of 12% with equal concentrations of SeIV and SeVI. 105 

However at higher ratios the measurement error decreased.34    106 

 In recent years, the high resolution (HR) DGT techniques have been used in 107 

combination with planar optodes to vastly improve the range of multi-species/elemental 108 

measurements that can be taken. This technology advance has been used to capture soil-109 

root interactions in plant rhizospheres.27 Of all the main global crops, rice has an 110 

especially interesting relationship with Se. The radial oxygen loss and exudates released 111 

from rice roots creates localized zones with highly variable pH and redox conditions.36 112 

Combined with an active rhizosphere microbiome, this localized zones induces a 113 

particularly active Se species turnover that influences the resulting plant uptake of Se. 114 

However, the investigation of Se speciation in rice rhizospheres remains incomplete, 115 

because of the lack of satisfactory technologies for in-situ biogeochemical mapping 116 

technologies that can isolate SeIV species.  117 

In the present study, we reported the first attempt to integrate a two-step synthesis 118 

for mercapto, amino bi-functionalized SBA15 mesoporous silica nanoparticles (Figure 119 



7 
 

S1) as a novel DGT binding gel (SBA binding gel) for selective measurement of SeIV. 120 

Functionalized SBA15 mesoporous silicas, with a rigid structure, high surface area, and 121 

large pore sizes, exhibited exceptional binding ability of heavy metal cations37-39 and 122 

anions.40, 41 Performance of DGT equipped with binding gels containing mercapto, 123 

amino bi-functionalized SBA15 gel (SBA-DGT) was investigated for the measurement 124 

of SeIV under laboratory conditions, and then the SBA-DGT was combined with 125 

conventional water/grab sampling to validate its application in a series of different 126 

freshwaters. Finally, a SBA-DGT device was applied in soils to investigate the spatial 127 

flux patterns of SeIV mobilization in a rice rhizosphere at sub-mm resolutions, in 128 

combination with O2 profiling using planar optodes to investigate the dominant factors 129 

that impact on SeIV cycling in the rooting zone.  130 

n EXPERIMENTAL SECTION 131 

Reagents, materials, and solutions. All solutions used in the experiment were 132 

prepared using filtered (MQ, Millipore, USA) ultra-pure water (18.2 MΩ·cm at 25°C). 133 

Selenite (SeIV) and selenate (SeVI) solutions were prepared from a 1000 mg L-1 stock 134 

solutions by dissolution of Na2SeO3·5H2O and Na2SeO4·10H2O, respectively, in MQ 135 

water. Stock solutions were stored at 4 °C and diluted instantly before use to ensure a 136 

stable speciation.  137 

Bi-functionalized SBA15 mesoporous silica nanoparticles were synthesized 138 

following modification of the Burke et al.42 method (see SI). To prepare the new binding 139 

materials, P123 (EO20PO70EO20), 3-Mercaptopropyl-trimethoxysilane (MPTMS, 140 
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C6H16O3SSi), 3-Aminopropyl-trimethoxysilane (APTMS, C6H17O3NSi) were 141 

purchased from Sigma-Aldrich. Tetraethyl orthosilicate (TEOS, 98%) was purchased 142 

from Aladdin. Reagents hydrochloric acid and nitric acid were obtained from 143 

Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. All chemicals were 144 

analytical reagent grade or equivalent.  145 

DGT preparation. Standard DGT devices (DGT Research Ltd., UK) were used 146 

in the performance tests, and they comprised of a binding gel layer, a diffusive gel layer, 147 

and a 0.45 μm pore size polyether sulfone (PES) filter membrane (Pall, USA), which 148 

were sandwiched inbetween a plastic piston DGT molding base and plastic ring cap. 149 

All moldings were immersed in 10% (v/v) nitric acid for at least 24 h and rinsed several 150 

times with MQ water before use. 151 

Polyacrylamide diffusive gels were prepared using acrylamide and agarose-derived 152 

cross-linker (DGT Research Ltd., UK) according to Zhang and Davison.43 To prepare 153 

the new binding gel (SBA binding gel), 0.2 g of newly synthesized mercapto, amino bi-154 

functionalized SBA15 mesoporous nanoparticles was mixed with 3 mL gel solution 155 

composed of 37.5% acrylamide (w/v), 47.5% MQ water (w/v) and 15% agarose-156 

derived cross-linker (w/v). Uniform suspension was obtained with ultrasonic treatment 157 

for 5 min, followed by the addition of 24 μL of freshly prepared 10% ammonium 158 

persulphate solution (AnalaR, BDH) and 6 μL of N,N,N’N’-tetramethyl 159 

ethylenediamine (TEMED, 99%, Merck, Germany). After mixing well, the gel mixture 160 

was cast between two acid-cleaned glass plates separated by a 0.25 mm thick plastic 161 
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spacer and placed in an oven at 45 ± 2 oC for 1 h to allow the gel to polymerize. To 162 

prepare ultrathin binding gel, a 50 μm-thick spacer was used.44 The gel sheets were 163 

fully hydrated with MQ water for at least 24 h (the water was changed 3–5 times). The 164 

thickness of the final hydrated binding gel were 0.04 cm and 0.06 mm, based on the 165 

two spacer dimensions, respectively. Finally, the thicker gel sheets were cut into discs 166 

and stored in 0.01 mol L-1 NaNO3 solution for further use. Whereas, the ultrathin SBA 167 

binding gels were stored in 0.01 mol L-1 NaCl . This was done because these gels were 168 

being deployed in soils and NO3- sources can cause oxidation of the rhizophere.  169 

Selenium analysis. In this study, concentrations of total SeVI and SeIV were 170 

determined by ICP-MS (NexION 300X, PerkinElmer, USA). For quality control and 171 

quality assurance (QA/QC), indium (m/z 114) was used as internal standard throughout 172 

the analysis to correct for changing signal outputs caused from instrument drift. Details 173 

of the instrumental conditions are listed in Supporting Information (SI) Table S1. 174 

During ICP-MS analysis, Se solution standards of 1 ng mL-1 were measured every 20 175 

samples. The average recovery was 102 ±1.5%. 176 

Speciation of Se in DGT elutes and natural water samples was carried out by 177 

HPLC-ICP-MS (PerkinElmer, USA). Inorganic SeIV and SeVI were separated by a 178 

Hamilton PRP-X100 (10 μm, Hamilton, UK) anion-exchange column. The mobile 179 

phase consisted of 5 mM ammonium citrate buffer containing 2% methanol as the 180 

organic modifier, with pH adjusted to 4.8 using citric acid.45 A sample of 50 μL was 181 

injected at a flow rate of 1.0 mL min-1. The limit of detection (LOD) and limit of 182 
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quantification (LOQ) was 0.01 ng mL-1 and 0.03 ng mL-1, respectively, which was 183 

calculated based on signal/noise (S/N) ratio of 3:1 and 10:1. As part of the quality 184 

control checks, 20 mL samples of MQ water were spiked with 10 ng Se (0.5 ng mL-1). 185 

The recoveries of all samples was 105 ± 3.1%. 186 

Uptake Kinetics and Elution efficiency. A binding gel disc was immersed in 10 187 

mL of 0.01 mol L-1 NaNO3 containing 400 ng SeIV or SeVI and gently shaken, from 1 188 

min to 24 h. The adsorbed mass of SeIV or SeVI by the SBA gel disc was obtained by 189 

subtracting the final concentration of the immersion solution from that of the original, 190 

starting concentration. To evaluate elution efficiency of SBA binding gels, the gel discs 191 

were immersed in 10 mL 0.01 mol L-1 NaNO3 containing SeIV or SeVI ranging from 0.1 192 

to 5 μg for 24 h.  These were then removed from the solutions and eluted in 3 mL of 193 

1 M HNO3 + 1% KIO3 (m/v) or 2 M HNO3 for at least 24 h to optimize the elution 194 

conditions. Samples of both the immersion solutions and eluents were analysed by ICP-195 

MS. The elution efficiencies were calculated as the ratio of the mass in the eluents to 196 

the adsorbed mass in the binding gels. All samples were prepared and measured in 197 

triplicate. 198 

Diffusion coefficient measurement. A diffusion cell device previously 199 

described46 was used to measure the diffusion coefficient (D) of SeIV in the diffusive 200 

gels. The cell consisted of two glass compartments connected by a 1.5 cm diameter 201 

circular window, in which a 0.75 mm thick polyacrylamide diffusive gel was clamped 202 

in place. Both compartments were filled with 50 mL of 0.01 mol L-1 NaNO3 solution 203 
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(pH 5.6). The solution in the source compartment contained 2 mg L-1 SeIV, while the 204 

receptor compartment comprised of a blank solution of MQ water. The solutions in each 205 

compartment were stirred continuously during the experiment. Samples of 0.2 mL were 206 

collected from both compartments at intervals of 10 min over a period of 2 h. 207 

Temperature and pH were recorded throughout the experiment. All subsamples were 208 

analyzed using ICP-MS. The diffusion coefficients, Dcell, were calculated according to 209 

eq. 1. The slope obtained from the linear regression provides the mass of measured SeIV 210 

that has diffused into the receptor compartment over time.  211 

𝐷"#$$ = slope ∆,
-.

              (1) 212 

Where Δg represents the thickness of the diffusive gel (0.75 mm), C is the 213 

concentration of SeIV in the source compartment, and A is the available area of diffusion 214 

of the diffusion cell. 215 

Mass of SeIV accumulated by SBA-DGT over time were also used to determine 216 

DGT derived diffusion coefficients, DDGT. Standard DGT devices equipped with SBA 217 

binding gels were deployed in 2 L of 0.01 mol L-1 NaNO3 containing 50 µg L-1 for 24 218 

h. DDGT (cm2 s-1) was calculated by following eq. 2. Where M (ng) is the mass of SeIV 219 

accumulated in the SBA binding gel. 220 

𝐷/01 =
2∆,
-.3

            (2) 221 

Effects of ionic strength and pH. Due to ionic strength and pH variability in the 222 

environment, SBA-DGT performance must be tested across a full range of relevant 223 

conditions. Effect of ionic strength on SBA-DGT performance was evaluated by 224 
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deploying triplicate SBA-DGT devices in 2 L’s of well-stirred solution with 50 µg L-1 225 

SeIV and a range of NaNO3 concentrations from 0.1 to 200 mM for 4 h. Effect of pH on 226 

SBA-DGT performance was estimated by immersing SBA-DGT devices in 2 L of 50 227 

µg L-1 SeIV and 0.01 mol L-1 NaNO3 solutions with pH 4–9 for 4 h. DGT equipped with 228 

previously reported 3-Mercaptopropyl-Functionalized Silica binding gel (MFS-DGT) 229 

47, which also contains thiol groups, were prepared to investigate its performance on 230 

SeIV. The pH values were adjusted using 1 mol L-1 HNO3 or NaOH. Additionally, to 231 

evaluate the robustness of DGT performance, DGT devices with SBA gels and MFS 232 

gels were also deployed in 2 L of solutions across a range of NO3- concentrations or pH 233 

values for 72 h. DGT samples were eluted with 1 M HNO3 containing 1% KIO3 and 234 

diluted as required prior to ICP-MS analysis.  235 

Selectivity measurement for SeIV. To determine the selectivity of SBA-DGT for 236 

SeIV, SBA loaded devices were deployed in 6 L of solutions containing SeIV or SeVI 237 

(each at 50 µg L-1) and 10 mM NaNO3. The DGT units were removed after 4, 6, 8, 12, 238 

24, 48, 72 h, and all experiments were conducted in triplicate.  239 

To further validate the selectivity of SBA-DGT and the potential competition 240 

effects among the different species of Se, triplicate of SBA-DGT devices was deployed 241 

for 24 h in 2 L of synthetic freshwater (as described in the SI) containing different 242 

composition of both SeIV and SeVI. The concentration of SeIV was 50 µg L-1, while the 243 

concentration of SeVI was set at 50 and 500 µg L-1, respectively. After DGT retrievals, 244 

SBA gels were eluted in 3 mL of 1 M HNO3 + 1% KIO3 (m/v). Samples of deployment 245 
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solutions were collected at each time for Se speciation analysis using HPLC-ICP-MS. 246 

Adsorption Capacity and Aging Effect. Capacity of SBA binding gels was 247 

determined by deploying SBA-DGT devices for 4 h in 2 L of well-stirred 0.01 mol L-1 248 

NaNO3 solutions across a range of SeIV concentrations from 0.1-20 mg L-1. To 249 

investigate the effect of aging on SBA binding gel performance, SBA gels were stored 250 

at 4°C in 0.01 mol L-1 NaNO3 for 15-145 d after production. DGT devices equipped 251 

with these SBA binding gels that had undergone long-term-storage were deployed for 252 

4 h in 6 L of 50 µg L-1 SeIV and 0.01 mol L-1 NaNO3. 253 

In situ deployment of SBA-DGT in a freshwater lake and a wastewater 254 

treatment plant. In order to validate SBA-DGT performance in natural waters, six 255 

SBA-DGT devices were assembled into a hexahedral unit, enabling a multi-plane, 360-256 

degree measurement to be obtained. Lake Yangshan, a typical freshwater lake near 257 

Nanjing University Xianlin Campus, located in Nanjing, China, was selected for the 258 

sampling campaign.   259 

 SBA-DGT devices were also used to analyze SeIV concentrations in effluent water 260 

from a wastewater treatment plant in Nanjing, China. The high ionic strength of this 261 

water provided a challenging matrix in which to test the new DGT configuration. 262 

Details of the physicochemical parameters of waters were listed in Table S2. The 263 

hexahedral unit, together with a button thermometer (Maxim Integrated Products, USA) 264 

set to record water temperature at intervals of 2 h, was immersed to a depth of 265 

approximately 30 cm for 72 h. Companion collections of individual water samples were 266 
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retrieved every 24 h (6 p.m.) at each site, simultaneously to determine total inorganic 267 

Se during the deployment period. The water samples were immediately taken to the 268 

laboratory and filtered through 0.45-μm pore size membrane followed by storage at 4oC 269 

prior to analysis. 270 

Chemical mapping of Se speciation and O2 in the rhizosphere. Rice roots 271 

characteristically drive localized changes in flooded paddy soils, which results in the 272 

development of intense clines in redox conditions to occur, even within sub-cm scales.36 273 

These environmental transitions are especially important for understanding Se 274 

speciation change, but to-date there is limited information on the solute chemistries of 275 

SeIV within rice rhizospheres.  276 

In order to investigate the possible application of the novel SBA-DGT for in-situ 277 

high-resolution 2D mapping of plant rhizospheres, a sandwich sensor coupling ultrathin 278 

SBA binding gel with O2 planar optode was used to measure the distribution of SeIV in 279 

a rice rhizosphere. Details on the fabrication of the O2 optode sensor and the rhizotron 280 

are described in the SI. After rice was grown in the rhizotrons for 3 weeks, the sandwich 281 

sensors were deployed over the rice roots for 24 h.36 O2 images were captured with a 282 

fast gateable 12-bit camera modified with a 590 nm long-pass filter.48 The SBA binding 283 

gels used in this rhizosphere experiment were analyzed using a laser ablation (LA) 284 

system (UP-213, New Wave Research, Fremont, CA) coupled to ICP-MS (PerkinElmer, 285 

USA). Detailed information on the set-up of the LA-ICP-MS are provided in the SI. 286 

 287 
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n RESULTS AND DISCUSSION 288 

Uptake Kinetics and Elution Efficiency. Se accumulation in SBA binding gel as 289 

a function of deployment time is shown in Figure 1. The SBA gel presented strong 290 

adsorption ability for SeIV with 100% SeIV adsorbed over 24 h while less than 5% of 291 

the SeVI was retained. Selectivity for SeIV was due to the thiol-functionalization of the 292 

mesoporous silica, with SeIV forming selenotrisulfides with a –S–Se–S– linkage.49 The 293 

co-condensation method used to fabricate the SBA means the thio functionalization is 294 

more inclined to be distributed within the pores,18 which also aids with selective species 295 

capture and reduces potential chemical interferences from larger macromolecules. 296 

Overall, this study demonstrates that SBA binding gels have a high affinity for SeIV and 297 

are suitable for further selective measurement of Se speciation.  298 

After 30 min of immersion in solutions containing 40 μg L-1 SeIV, the measured 299 

mass in the SBA gel reached 60% of its final amount of adsorption determined at 24 h. 300 

Accordingly, the binding rate over the first 30 min for SeIV was 1.94 ng cm-2 min-1, 301 

much higher than the calculated diffusion flux (0.48 ng cm-2 min-1) of Se diffusing 302 

through the 0.8 mm thick diffusive gel in a SBA-DGT device which was deployed in a 303 

solution containing 100 μg L-1 of SeIV at 25 oC.  Meanwhile, the average 304 

concentrations of Se in most environmental samples is in the low μg L-1.50 range, which 305 

means SeIV to the SBA gels is sufficiently rapid to ensure that the concentration at the 306 

interface of the SBA binding gel and diffusive gel is effectively zero, thereby 307 

maintaining the ideal sink conductions required by the DGT measurement.  308 
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 Reproducible and quantitative elution of analytes from the binding layer is crucial 309 

to the precise and accurate determination of analyte accumulation in the binding gel. 310 

As shown in Table S3, the elution efficiency of 1 mol L-1 HNO3 with 1% KIO3 (m/v) 311 

was stable at 97% while that of 2 mol L-1 HNO3 was only about 6.2%. KIO3 can oxide 312 

mercapto groups and destroy the Se-S bonds, leading to the release of SeIV.49 Hence, 3 313 

mL of 1 mol L-1 HNO3 with 1% KIO3 (m/v) was selected as the SeIV eluent with a 314 

constant elution efficiency of 97.0 ± 1.8%. 315 

Diffusion coefficient in diffusive gels. The DGT calculation requires an accurate 316 

diffusion coefficient for the measured target analyte. Here, the diffusion coefficients for 317 

SeIV were quantified using two independent methods. As shown in Figure S3, the mass 318 

of SeIV that diffused through the polyacrylamide diffusive gel connecting the two 319 

compartments within a diffusion cell device had a good linear relationship (r2 > 0.999) 320 

against time. Diffusion coefficient of SeIV measured by the diffusion cell, Dcell, of 7.06 321 

× 10-6 cm2 s-1 (25 oC), which has been corrected by a temperature-based conversion 322 

equation,51 was similar to a previously reported value by Price et al.35 No apparent 323 

difference was found between the value of DDGT (7.34×10-6 cm2 s-1) calculated from eq. 324 

2 at 25 oC and Dcell with a deviation of <4%.  325 

DGT blank and method detection limit. Background concentration of SBA-326 

DGT was evaluated by measuring the mass of Se existing in SBA binding gels after the 327 

standard SBA-DGT device (0.4 mm-thick SBA binding gel, 0.8 mm-thick diffusive gel, 328 

0.14 mm-thick filter membrane, and 2.51 cm2 exposure area) was assembled for 24 h. 329 
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A blank concentration of Se in a SBA-DGT device was calculated, according to eq S3, 330 

from the measured masses assuming a deployment at 25oC. Method detection limits 331 

(MDL) of SBA-DGT was obtained by converting three times the standard deviation of 332 

the blank measurements into a concentration according to eq S3.  333 

DGT blanks and MDLs obtained in this study and those previously reported32, 33 334 

are listed in the Table S4. SBA-DGT shows lower DGT blanks (0.029 μg L-1) and 335 

MDLs (0.03 μg L-1) compared with other DGTs equipped with metal oxide based 336 

binding layers. Considering that concentrations of SeIV in most natural, unpolluted 337 

waters rarely exceed 1 μg L-1,50 the low detection limit of SBA-DGT ensured the 338 

sensitivity measurement of ultralow SeIV concentration in waters. The DGT method not 339 

only improves the measurement sensitivity by analyte pre-concentration, but also 340 

confers additional benefits of protecting instrumental analysis against interferences 341 

through a selective binding process. When the concentrations in natural environment 342 

are lower than the MDL, longer deployment time can be used to enhance the 343 

accumulation in SBA binding gels. 344 

Effects of ionic strength and pH. Effects of ionic strength and pH on SBA-DGT 345 

measurement of SeIV are shown in Figure 2 and Figure S5. The ratio of the DGT-346 

measured concentrations (CDGT) of SeIV to concentrations in deployment solutions (Csoln) 347 

is highly reproducible and within acceptable limits (1.0 ± 0.1) across a range of NO3- 348 

concentrations from 0.1 mmol L-1 to 200 mmol L-1. Since the ionic strength in most of 349 

freshwater and wastewater is lower than 100 mmol L-1,52 this provides direct evidence 350 
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that SBA-DGT is independent of ionic strength and capable of being deployed in most 351 

natural waters. 352 

For pH ranges of 3.6–8.0, SBA-DGT measured concentrations of SeIV agreed well 353 

with solution concentrations, with CDGT/Csoln values between 0.95-1.10 (Figure 2b). 354 

However, CDGT/Csoln values decreased when pH reached 8.6 or higher, possibly due to 355 

the deceleration of thiol-selenite reaction kinetics at alkaline pH.53 The decreasing 356 

adsorption of Se at pH >8.5 was also documented in DGT equipped with commercial 357 

Metsorb gels.34 For comparison with SBA-DGT, effect of pH on MFS-DGT 358 

performance of selectively measuring SeIV was investigated (Figure 2b). The data 359 

suggested that measurement of SeIV using MFS-DGT showed an obviously decrease at 360 

pH>7, while SBA-DGT can work well in a wider pH range (3.6-8). This can probably 361 

be attributed to the amino groups on the surface of mesoporous silica which improves 362 

the adsorption ability of SBA gels at alkaline pH. Similar performances of DGT were 363 

also observed in 72 h deployment durations (Figure S5), which means that SBA-DGT 364 

is a robust tool for long-time monitoring. Therefore, the general reproducibility of the 365 

results suggest that SBA-DGT is applicable for SeIV in acidic to alkalescent waters. 366 

Selective measurement of SeIV using SBA-DGT. As shown in Figure 3, the 367 

measured accumulation of SeIV in SBA-DGT devices increased linearly with a 368 

theoretically predicted time-averaged slope calculated from the known solution 369 

concentration using eq. S3. Nevertheless, the accumulation of SeVI over 72 h 370 

deployment was negligible, validating the selectivity of SeIV by SBA-DGT. The 371 
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adsorbed mass of SeVI in SBA binding gels was less than 0.02 μg. To ensure accurate 372 

results, it is recommended to immerse the binding gels in MQ water for a few seconds 373 

before elution to eliminate residual SeVI in the SBA binding gel. 374 

To further investigate the interference of SeVI on selective measurement of SeIV, 375 

SBA-DGT devices were deployed in 2 L synthetic freshwater spiked with both SeIV and 376 

SeVI at different ratios. As shown in Table 1, when the ratio of SeVI to SeIV concentration 377 

increased from 1 to 10, the CDGT/Csoln of SeIV was stable, recording only minor 378 

variations of between 0.94–1.02. In solutions with a SeVI to SeIV ratio of 10, conditions 379 

where Metsorb-DGT34 reported a 2.16 times overestimation of SeIV, the SBA-DGT 380 

maintained its selectivity for SeVI.  381 

Adsorption Capacity and aging effect. The requirement to deploy SBA-DGT 382 

devices in waters elevated in Se or in long-term monitoring programs requires the SBA-383 

DGT to have a high capacity for SeIV. As displayed in Figure S6, the measured mass of 384 

SeIV by SBA-DGT increased linearly with increasing solution concentrations up to 10 385 

mg SeIV L-1, fitting well with the theoretical line calculated from known solution 386 

concentrations according to eq. S3. This implies that the capacity of SBA-DGT for SeIV 387 

is ~26 μg per disc. When the solution concentration of SeIV reached 14 mg L-1, which 388 

is rare in natural waters, the mass of SeIV bound in the binding gels was only 75% of 389 

the theoretical capacity value. Generally, the adsorption capacity of SBA-DGT can 390 

meet the requirement for in-situ monitoring of SeIV in a wide range of natural 391 

environments. 392 
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Performance of DGT devices containing SBA binding gels which were stored in 393 

0.01 mol L-1 NaNO3 solution at 4 oC for up to 145 d from production is illustrated in 394 

Figure S7. CDGT/Csoln of SeIV by SBA-DGT within 75 days of production was within 395 

1.00 ± 0.10, while a little decline of CDGT/Csoln of 0.88 ± 0.01 for 84 d storage was still 396 

acceptable. However, there was a clear decline in DGT-measured concentrations after 397 

99 days of storage, leading to DGT-measured concentration less than 80% of solution 398 

concentration. Thiols group are unstable, easily oxidized to disulphides in aqueous 399 

under both acid and alkaline conditions.54 Amounts or reactivity of adsorption sites 400 

within the mesoporous silica may be diminishing with time. Therefore, SBA gels, 401 

whose storage life for up to 3 months, also supports the long-term deployment (up to 3 402 

month) of SBA-DGT. 403 

In-situ application of SBA-DGT in natural waters. Since the SBA-DGT proved 404 

to be a reliable tool for determining SeIV in the laboratory, deployment of SBA-DGT in 405 

field environment is required for testing its field performance. In this study, 406 

concentrations of SeIV were determined using both spot sampling and SBA-DGT in 407 

Lake Yangshan and a wastewater treatment plant. As shown in Table S2. Total Se 408 

concentrations measured using ICP-MS in Lake Yangshan and an effluent water of a 409 

WWTP were 1.53 ± 0.15 and 1.78 ± 0.38 μg L-1, respectively, which are levels 410 

comparable to typical river waters in China.55 Concentrations of SeIV determined by 411 

SBA-DGT were no more than 0.4 μg L-1. This was not detected by HPLC-ICP-MS, 412 

which could be in part due to the instability of SeIV and its transformation during sample 413 
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collection and analysis. Percentage of SeIV in natural waters were less than 25% of total 414 

Se since SeIV have higher affinity for iron oxides and clay minerals than SeVI.10, 50 415 

Therefore, compared with conventional spot sampling method, SBA-DGT is preferable 416 

in monitoring of ultralow concentration of SeIV in natural waters for environmental 417 

monitoring. 418 

Chemical mapping of Se and O2 in the rhizosphere. The 2D flux profiles of 419 

oxygen and SeIV in the soil-root interface captured by the SBA-DGT/optode sandwich 420 

sensor are shown in Figure 4. Rhizosphere oxygen distributions around the roots were 421 

similar to those reported in other studies.56, 57 An enhanced SeIV flux, 8 times higher 422 

than the anaerobic bulk soil was measured by the SBA-DGT within the rhizosphere 423 

occurred consistently within 2 mm’s of the root axes, indicating a localized process of 424 

mobilization around the roots. Interestingly, the flux maxima for SeIV followed the 425 

whole root/aerobic zone in contrast to what has been observed previously with Fe and 426 

As, whose release is concentrated solely to root tip zones.36 A narrow zone (see Figure 427 

4c) spanning 0.5 mm diameter, which was 2 times lower than the Se flux zone, but 4 428 

times higher than the anaerobic bulk soil Se release, located centrally in each of the 429 

main root flux features/zones. Whether this feature formed due to the close proximity 430 

of the root to the sandwich sensor or if it represents solute depletion by the root itself is 431 

difficult to determine. However, what is clear is that SeIV mobility is constrained to a 432 

small region around the roots and is highly influenced by changing redox conditions; 433 

this is despite the Se amendments having been homogenized in the rhizotron soil. This 434 
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line of evidence concurs with other works, demonstrating that biofortification of rice is 435 

much more effective with foliar sprays rather than soil amendment approaches, 436 

irrespective of the inorganic Se species applied.58  437 

Environmental Implications. Se speciation concerns the mobility, bioavailability, 438 

and distribution of its chemical forms in environmental system. Among various species, 439 

SeIV exhibit higher toxicity and mobility compared with other inorganic SeVI and 440 

organic forms. However, traditional methods have difficulties in capturing distribution 441 

of SeIV as a result of the relatively low concentration and the sensitivity of SeIV in redox 442 

conditions. DGT can realize in-situ monitoring of SeIV in both waters and soils by the 443 

selective binding gel phase. 444 

In this study, a newly SBA-DGT method was developed for monitoring SeIV in 445 

aquatic conditions and soil rhizosphere. This SBA-DGT exhibited superior selectivity 446 

of SeIV for a wide range of environmental conditions. With its low calculated MDL 447 

(0.03 μg L-1), SBA-DGT device sufficiently allow quantifying ultralow concentration 448 

of SeIV in fresh waters. Good selectivity of SeIV under the interference of SeVI also 449 

ensure the accuracy of the SBA-DGT. This technique of selective measuring SeIV 450 

provides a potential approach for in situ monitoring and risk assessment posed by SeIV 451 

in the environment.  452 

Additionally, the synthesis of bi-functionalized SBA15 nanoparticles makes it 453 

easier to obtain a homogeneous and ultrathin binding gel (Figure S1) for application in 454 

high-resolution analysis in soils and sediment environments. The robustness and 455 
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selectivity of SBA gels, coupled with O2 planar optodes, provides a means to obtain 456 

simultaneous observations of inorganic SeIV and O2 concentration in the rhizosphere. 457 

The newly developed SBA-DGT will be a robust tool for in-situ investigation of Se 458 

behavior, providing detailed mechanistic and quantitative insight into associated Se 459 

speciation dynamics in natural environments. 460 
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Table 1. Concentrations of SeIV determined using SBA-DGT deployed in solutions 663 

with different ratios of SeIV to SeVI, and corresponding solution concentrations of SeIV 664 

measured using HPLC-ICP-MS. 665 

Ratioa CDGT (μg L-1) Csoln(μg L-1) CDGT/Csoln 

1:1 43.3 ± 1.4 45.9 0.94 ± 0.03 

1:10 45.4 ± 2.0 44.3 1.02 ±0.04 

a Concentration of SeIV was 50 μg L-1 666 

  667 
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 668 

Figure 1. Time dependence of mass of Se accumulated by SBA gels immersed in 10 669 

mL solutions containing 40 μg L-1 SeIV or SeVI and 0.01 mol L-1 NaNO3. Error bars are 670 

calculated from the standard deviation of the replicates (n = 3). 671 

 672 
  673 
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 674 

Figure 2. Effects of ionic strength (a) and pH (b) on the ratio of SeIV concentrations 675 

measured by SBA-DGT or MFS-DGT, CDGT, to the deployment solution concentrations, 676 

Csoln. MFS-DGT was used for comparison study for pH effect. Error bars represent the 677 

standard deviations of three replicates. The solid horizontal lines and the dotted 678 

horizontal lines represent values of 1.0 ± 0.1. 679 
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 681 

Figure 3. Measured masses of selenium by SBA-DGT in separate solutions containing 682 

either 50 μg L-1 SeIV or 50 μg L-1 SeVI in 0.01 mol L-1 NaNO3 for 4-72 h. The solid line 683 

is the theoretical regression predicted by eq S3. Error bars represent the standard 684 

deviation of three replicates (n = 3). 685 

686 
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 687 
Figure 4. Two-dimensional representation of SeIV and O2 around a set of rice root. (a) 688 

Photograph of rice root grown in Se-contaminated soil. (b) Visualization of SeIV around 689 

a set of rice roots. The outlined position of root that is featured in (c) is indicated by 690 

gray dash markings. (c) SeIV species in the soil solution with distance from the root 691 

zone. (d) Oxygen distribution imaged by an O2 planar optode sensor. 692 
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