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ABSTRACT 

Although yellow Cd pigments (Cd-YP), widely used in industrial colorants, are 

considered inert, increasing evidence suggests once released into the environment, 

photobleaching/weathering mobilizes Cd from these pigments posing a pollution 

threat. Although general redox conditions and biotic/microbial activity are known to 

be important factors in determining Cd release, how spatial trends and specific soil 

processes regulate the Cd-YP behavior are poorly understood. Using plant rhizotrons 

in controlled environmental conditions, this study investigated the behavior of Cd-YP 

amendments matched to levels (15 mg kg
-1

) representative of contaminated soils in 

Yixing, China. Using a high-resolution two-dimensional diffusive-gradient-in-thin-

films (HR-2D-DGT), planar-optode (PO) multilayer systems alongside targeted soil 

and porewater sampling for chemical analysis the biogeochemistry associated with Cd 

mobilization from Cd-YP rice rhizospheres were determined. The results showed that 

there was a significant release of Cd into soil porewaters (51.5 µg L
-1

), but this 

reduced by 90.9 % and stabilized over time (after 6-days). HR-2D-DGT ion-maps 

revealed pronounced spatial variances. The flux-maxima for Cd, which located within 

aerobic-rhizosphere zones, was 9 to 19-fold higher than in associated anoxic bulk soil. 

In general, zones of radial O2 loss (ROL)/higher redox conditions and lower pH were 

associated with Cd release, with S
2-

 to SO4
2-

 transitions marking the boundaries of 

high-flux areas. Some isolated colocalization of Fe and Cd hotspots were observed in 

lateral root regions, but on-the-whole Fe/Mn and Cd release were not linked. In 

addition, microniche development was also an important feature of Cd mobilization 

due to soil heterogeneity. 

Keywords: Cd mobilization; Rice rhizosphere; DGT; Planar-optode 
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1. Introduction 

Rice (Oryza sativa L.) is one of the most important crops grown for human 

consumption and supports almost half of the world’s population (Sun et al., 2012). Cd 

accumulation in rice grains is the major contributor to the human intake of Cd 

worldwide, especially in Asia, attracting widespread public concern and forming a 

large-scale/intractable issue because of its potential toxicity to human (Li et al., 2017; 

Liao et al., 2015; Rizwan et al., 2016; Williams et al., 2009). Rice plants can transport 

oxygen (O2) from their roots to the rhizosphere to alleviate the phytotoxicity of 

reduced compounds. In addition, due to root released metabolites and higher active 

microbial communities within micrometer ranges from root surfaces (Seshadri et al., 

2015), chemical/elemental behaviors within the rhizosphere differ markedly from 

those of the surrounding bulk/field soils (Oburger and Schmidt, 2016; Philippot et al., 

2013; Shuman and Wang, 2008). Using a sequential extraction method, Lin et al. 

(2003) observed that the potentially labile Cd in rice rhizosphere was distinctly lower 

than that in bulk soil. This trend is further supported by a study in mangrove 

rhizospheres and non-rhizosphere soils (Liu et al., 2008). However, these observations 

have yet to be confirmed with suitable 2D in situ sampling. Capturing labile Cd in 

plant rhizospheres is advantageous because the rooting zone is so redox-sensitive, the 

chemistry in these regions is highly susceptible to disturbances arising from sample 

collection, transport, pretreatment and measurement. In addition, rice rhizosphere 

encompasses a relatively small volume of soil and typically extends out less than 5 

mm from the associated roots (Ge et al., 2017; Wei et al., 2018). Little is available on 

the spatial distribution and the fate of Cd at a microscale within the rhizosphere. For 

this reason, low-disturbance in-situ analysis that are of an appropriately high 

resolution, in the sub-millimeter scaling range, that can provide direct information on 
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both spatial distribution and bioavailability of Cd in paddy soils, are required, which 

information is urgently to improve our understanding of Cd biogeochemical processes 

in rhizosphere zone and to accurately assess environmental risks and to develop 

remediation strategies. 

Diffusive gradients in thin-film (DGT) is one of the most promising in situ passive 

sampling technique, and can directly determine elemental speciation and 

bioavailability in waters, soils and sediments (Guan et al., 2015; Pan et al., 2015; Ren 

et al., 2015). With the introduction of laser ablation-inductively coupled plasma mass 

spectroscopy (LA-ICP-MS), the DGT application has extended from conventional 

scale (millimeter level) to high resolution (micron level) (Santner et al., 2015; 

Williams et al., 2014). Moreover, O2 and pH can now be mapped in situ with 2D high 

resolution using planar optodes (PO) (Glud, 2008; Hulth et al., 2002; Williams et al., 

2014). The dual layer “sandwich-sensors” combining PO and DGT can be applied for 

the simultaneous higher resolution imaging of trace metals and pH/O2 in the 

rhizosphere (Stahl et al., 2012; Williams et al., 2014). 

As a matter of fact, 8% of all cadmium is used for pigments, which are very 

important materials in ceramic industry. Although the pigments are not considered 

toxic due to their very low solubility, labile Cd species such as Cd
2+ 

ions are harmful 

(Chien and Kao, 2000; Park et al., 2011; Smeets et al., 2005; Zimenkov et al., 2004). 

The ceramic industry has been reported to be related with heavy metal contamination 

in neighboring soils (Vicente et al., 2014) and discharge the dangerously polluting 

waste reaching over 1800 mg Cd L
-1

 (Liao et al., 2015). The environmental risk of Cd 

pigments is highly dependent firstly on Cd solubility and secondly the interaction 

chemistries of the Cd and its bioavailability in soil (Das and Maiti, 2008; Sánchez-

Martín et al., 2007). Therefore, understanding the dissolution release and spatial 
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distribution of toxic Cd species from cadmium pigments in soil is urgently needed for 

assessing environmental risk, and in particular plant uptake and associated food safety. 

In this study, Cd yellow pigment (Cd-YP), one of the widely used cadmium 

pigments (Liao et al., 2015), was chosen (1) to measure the availability and spatial 

distribution of hazardous Cd from the Cd-YP between rhizosphere soil and bulk soil, 

and (2) to investigate local redox reaction and biotic/microbial activity controlling the 

dissolution of Cd-YP. Due to soil heterogeneity, 2D high-resolution imaging 

techniques were necessary to investigate the spatial variability in the dissolution of 

Cd-YP in the rhizosphere and bulk soil to locate zones and hotspots of Cd 

mobilization and depletion around the rice root and to investigate mobilization pattern 

and dissolution mechanism of Cd from Cd-YP in rhizosphere. 

 

2. Experimental section 

2.1. Soil Preparation. 

Soil (yellow-brown earth) used in this study was collected from Yixing, Jiangsu 

Province (31°16′50.73″ N, 119°53′55.73″ E). All soil samples were air-dried at room 

temperature (~25
 
°C), passed through a 20-mesh sieve (0.85 mm), and stored for 

subsequent utilization. Soil total metal concentration was analyzed using USEPA 

Method 3050B (EPA, 1996). Soil pH was measured at the soil/water ratio of 1:5 (w/w) 

using a pH meter equipped with a combination electrode. The selected properties of 

the soil are presented in Table S1. 

Commercial Cd-YP was purchased from Kela Co., Ltd., China. The size and 

morphology of pigment particles were analyzed using a scanning electron microscope 

(SEM, S-3400N II, Hitachi, Japan). The pigment particles were quasi-spherical with a 

number-average diameter of 127.7 ± 11.9 nm (Fig. S1), suggesting that Cd-YP can 
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form the stable colloidal solution and enter the environment via the wastewater. The 

structure of pigment was examined using an X-ray powder diff ractometer (XRD, D8 

Advance, AXS, Germany). The XRD spectrum has sharp peaks corresponding to the 

crystal structure of CdS, including 2θ at 1.73, 1.76, 1.79, 1.90, 2.07, 2.45, 3.16, 3.36, 

and 3.58 (Fig. S1). 

10 mL of MQ water (18.2 MΩ∙cm, Millipore, USA) containing 7.71 mg Cd-YP 

was amended into 400 g soil sample to artificially increase the total concentration of 

Cd in the soil (15 mg kg
-1

), and then the soil sample was mixed thoroughly. The soil 

moisture was adjusted to 15% of the field water holding capacity (WHC) by adding 

MQ water weekly and kept in the dark at 25°C for 90 d (Tang et al., 2006). The 

amended soils were then air-dried at room temperature (25
 
°C), passed through a 20-

mesh sieve (0.85 mm) and stored for further use. 

2.2. Soil Culture Experiments. 

To investigate Cd release kinetics from the Cd-YP amended soil, a soil culture 

experiment was conducted as follows. Control soil (without Cd-YP amendment) and 

Cd-YP amended soil were wetted with deionized water to 100% of the field WHC and 

cultivated at 25 °C. During the cultivation, soil moisture was adjusted to a constant 

weight with MQ water every day. Sub-samples of the soils were then centrifuged at 2, 

4, 6, 8, 10, 14, 20, and 28 days since cultivation began. The Cd and Fe concentrations 

in supernatant were measured by inductively coupled plasma mass spectroscopy (ICP-

MS, NexION 300X, PerkinElmer, USA) and inductively coupled plasma optical 

emission spectroscopy (ICP-OES, Optima 5300DV, PerkinElmer, USA), respectively. 

2.3. Rhizotron Preparation for Chemical Imaging. 

Each Perspex rhizotron (Fig. S2) with an inner dimension of 26 cm × 11 cm × 3 cm 

(height × length × width) was gently filled with the amended soil in layers to achieve 
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a consistent bulk density of 1.26 kg L
-1

. A Nuclepore polycarbonate membrane 

(Whatman, 0.2 μm pore size and 10 μm thickness), which served as a diff usion layer 

for the binding layer and maintained soil uniformity during deployment of DGT to 

protect the binding layer from direct contact with the soil, was placed back to a 

detachable front plate. After assembling, the soil was saturated evenly using a self-

made watering system to minimize disturbance. The rhizotrons were immersed in 

flooding water at 2-3 cm above the soil surface in a glass room with day/night 

temperatures of 27/20 °C and day length of 14 h for two weeks to simulate the water 

condition in most paddy fields before transplanting rice seedlings. 

Seeds of rice were surface-sterilized with 30% H2O2 for 15 min, followed by 

thorough washing with deionized water, soaked in deionized water for 4 h, and 

germinated in a plastic container at 25 °C in darkness. When the seedlings grew to ~2 

cm tall, they were transplanted into the Perspex rhizotrons. All the rhizoboxes were 

kept inclined at an angle of 45
o
 with the detachable front plants downward to 

encourage the roots to grow alongside the Nuclepore polycarbonate membrane at the 

lower plate. All root/soil zones were kept in darkness to prevent microphyte growth. 

2.4. Planar Optode Imaging. 

Oxygen-sensitive planar optode (PO) sensor used for the imaging of O2 2D-

distributions in the rhizosphere was prepared according to Larsen et al. (2011). Briefly, 

PtTFPP (platinum(II)-5,10,15,20-tetrakis(2,3,4,5,6-pentafluorphenyl)-porphyrin) was 

used as oxygen indicator. PtTFPP and an antenna dye (coumarin C545) were mixed in 

a 1: 1 (w/w) ratio, which was dissolved in 4% (w/w) polystyrene. The mixture was 

coated onto a 125 μm thick dust free PET support foil using a film coating machine 

(FA 102D, Fuan Enterprise, China). The final dry thickness of the sensing layer was 

~10 μm after solvent evaporation. 
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pH-sensitive PO sensor used for the imaging of pH 2D-distributions in the 

rhizosphere was prepared based on a self-modified HPTS (8-hydroxypyrene-1,3,6 

trisulfonic acid trisodium salt, unpublished article). Briefly, a modified HPTS was 

used as the pH indicator. 1.0% modified HPTS in MeOH was mixed with 10% (w/w) 

Hydrogel D4 (v/v, 9:1), and then 200 μL of the mixed solution was coated onto a 125 

μm thick dust free PET support foil using a film coating machine (FA 102D, Fuan 

Enterprise, China) to obtain a ~10 μm thick pH PO foil. The foils were stored in 

darkness at room temperature. 

2D distribution of O2 and pH were imaged using a Canon 1300D camera equipped 

with EF-S60 mm at aperture 2.8, shutter speed 1/25 s, ISO 100, resolution 5184 × 

3456 pixels by exciting the fluorophore using LED lamps (500nm and 425 nm for pH-

sensitive PO sensors; 425 nm for oxygen-sensitive PO sensors). To avoid reflecting 

light, the LEDs excitation light sources were set at an angle of incidence below 30°. 

All operations were carried out in darkroom to avoid interference from other light 

sources. Calibration curve of oxygen-sensitive PO sensor was made using the 

fluorescence ratio of red and green images recorded simultaneously by the camera 

under varying O2 concentrations. Calibration curve of pH-sensitive PO sensor was 

made using the intensity ratio of green images (500 nm/425 nm) recorded by the 

camera under different pH value. 

2.5. DGT Imaging. 

After three weeks of rice growth in the rhizotrons, the front plate of the rhizotron 

was removed to expose the sensors directly to the Nuclepore membrane that overlaid 

the root and soil surface. An ultra-thin SPR-IDA binding gel layer (Detailed 

information on binding layer making was listed in the Supplementary materials) was 

used to capture fluxes of labile metals from the rhizosphere. The combined sensors 
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containing suspended particulate reagent-iminodiacetate (SPR-IDA) binding layer and 

other sensor (planar optode or AgI binding gel layer) were used to investigate effects 

of pH, O2, or S
2-

 on fluxes of Cd from Cd-YP in the rhizosphere and bulk soil. During 

deployment of the combined sensors in rhizosphere and bulk soil, O2 and pH 

distribution were imaged directly by the aforementioned camera. After deployment 

for 24 h, the binding gel layer was retrieved, rinsed carefully with MQ water, and 

mounted on a hydrated poly(ether sulfone) filter membrane (Pall, USA). The gels 

were pre-dried for 8 hours in a class-100 clean laminar hood and then dehydrated in a 

gel drier (Bio-Rad model 543, USA) at 50 
o
C for 2h. Finally, the dried SPR-IDA 

binding layers were carefully fixed onto glass plates using double-sided adhesive tape 

prior to LA-ICP-MS analysis. Deployments of AgI binding layer in the rhizotrons 

were carried out to investigate the spatial distribution of S
2-

 concentration in the 

rhizosphere. AgI binding layers were scanned by the HP LaserJet MFP M134 to 

provide a gray-scale image, which was converted into two-dimensional images of 

sulfide concentrations using ImageJ software with a resolution of 600 dpi. Calibration 

curve was performed by exposing AgI binding gels into solutions containing different 

concentrations of S
2-

, ranging from 0 to 180 μmol L
-1

 (Sl and Fig. S3 in the 

supplementary materials). To minimize contamination, all preparation and processing 

of gels was carried out in a class-100 clean laminar hood.  

2.6. Laser Ablation-ICP-MS analysis. 

High-resolution profiles of targeted elements adsorbed on the binding layers were 

provided using laser ablation (NWR-213, New Wave, USA), which was equipped 

with a large format ablation cell, as a sample introduction technique to ICP–MS 

(NexION 300X, PerkinElmer, USA). Line scans of the gels were carried out at a spot 

size of 100 μm, scanning speed of 300 μm s
-1

, an interline spacing of 300 μm, a 
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repetition rate of 10 Hz, and laser energy was the fluence of 3.33 J cm
-2

. ICP-MS was 

used to record 
13

C, 
55

Mn, 
57

Fe, and 
111

Cd signals. The signal of 
13

C was used as 

internal standards to correct variations in ablation, transport, and ionization efficiency 

(Hoefer et al., 2017; Williams et al., 2014). Calibration curves for Mn, Fe, and Cd 

were prepared by deploying DGT piston devices into low ionic strength solutions (1 

mM NaNO3) containing Mn, Fe, and Cd for 1-5 h and analysing the dried binding gel 

retrieved from the deployed DGT piston devices using LA-ICP-MS. Analyte signal 

was plotted versus the mass of metal per analyzed ablation spot, which was calculated 

as the total amount of metal taken up by the DGT piston device per unit area of the 

binding gel. 

2.7. Statistical Analysis. 

SPSS20.0 for windows (Chicago, USA) was used for statistical analysis and data 

processing. Significance was accepted at P < 0.05 in all cases (Pearson's correlation). 

The results were reported as mean ± standard deviation. Data processing was 

performed in Microsoft Excel and Sigmaplot, and visualization was performed using 

software ImageJ version 1.5. 

 

3. Results and Discussions 

3.1. Cd release from the Cd pigment. 

In the culture experiments, concentrations of Fe and Cd in soil solution were 

showed in Fig. 1. Compared with control soil, more Cd was found at the 28-d 

cultivation, increasing from 0.4 ± 0.02 μg L
-1

 to 4.7 ± 0.6 μg L
-1

. The concentrations 

of Cd in the soil solutions immediately increased after 2-day and then decreased with 

increasing cultivation time, declining 90.9% during the culture experiment and falling 

from 51.5 ± 0.5 μg L
-1

 at 6-d to 4.7 ± 0.6 μg L
-1

 at 28-d. That is, the distribution 
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coefficient (Kd, the ratio of the amount in solution to the amount present on the solid 

phase) of Cd-YP were 0.24 % and 0.022 % of the added ones at 6-d and 28-d of 

cultivation, respectively. 

Concentrations of Fe, a redox sensitive element, in the soil solution increased with 

increasing cultivation time, reaching its maximum (81.4 ± 1.5 mg L
-1

 for control 

treatment soil and 72.7 ± 3.0 mg L
-1

 for Cd-YP treatment) at 10-d, which can be 

related to the decreasing oxidation-reduction potential. 

3.2. Elemental distribution in rice rhizosphere. 

As is shown in Fig. 2, rice roots had a noticeable impact on the occurrence and 

intensity of element fluxes (Cd, Fe, and Mn). Compared with bulk soil (Region CB), 

there was generally enhanced Cd flux in rice rhizosphere (Region CP and CL), and 

clear Cd mobilization maxima was observed around the rice root (Fig. 2B). The Cd 

mobilization maxima in rice rhizosphere was up to 11.7 ng cm
−2

 h
−1

 (equal to a 9-fold 

increase in Cd availability compared to the non-rhizosphere zone). Since processes of 

soil Fe/Mn re-oxidation and reduction can co-existed, the spatial distribution of Fe 

and Mn flux around the soil was different from Cd flux (Fig. 2B-D). As shown in Fig. 

2E, the spatial variability in O2 dynamics in rice rhizosphere was heterogeneously 

distributed, demonstrating that there is a difference in ROL between different rice root 

region/zones, which can lead to variation in the redox reaction of Cd-YP and impact 

on Cd availability.  

3.3. pH variation in rice rhizosphere. 

Since the distribution and mobility of trace metals between solid and solution is 

markedly influenced by soil pH, the relationship between root-induced pH and the 

availability of Cd released from the Cd-YP in rice rhizosphere was investigated (Fig. 

3). A localized acidification around roots and pH was 0.4 pH units lower than the bulk 
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soil (Fig. 3B). Due to the slight change in pH, pH changes appear to be partially 

responsible for the observed Cd dynamics (Fig. 3C) (p < 0.01, Pearson correlation 

analysis). 

3.4. Sulphur variation in rice rhizosphere. 

Due to ROL, a large amount of S
2-

 in rhizosphere was oxidized to SO4
2-

 (Fig. 4A), 

which may reduce the chance of sulphide formation and enhance the availability of 

Cd in rhizosphere. Contrary to the distribution of S
2-

 concentration in the vicinity of 

rice roots, the Cd flux in the rhizosphere was higher than that in bulk soil (Fig. 4B). 

The concentration of S
2-

 near the rhizosphere (flux, 4.46 μmol cm
-2

 h
-1

) was lower 

than that of the bulk soil (flux, 165.9 μmol cm
-2

 h
-1

). However, the Cd flux has no 

significant correlation with Fe/Mn flux (Fe/Mn redox reaction) (Fig. 4B, Fig. S5C and 

S5D). 

4. Discussions 

4.1. Cd availability from the Cd pigment. 

Generally, Cd can be readily taken up by rice and thus enter into the food chain 

(Loganathan et al., 2012; Rizwan et al., 2016). To accurately assess the potential risks 

of Cd-YP, it is important to determine the availability of Cd in Cd-YP amended soil. 

In the culture experiments, Cd-YP can pose a risk to the environment or human health 

and the Cd in the Cd-YP is not completely stable (Fig. 1). Along with the increase in 

Fe(II) concentration, the initial Cd release was attributed to the reductive dissolution 

of Fe(III)- and Mn(III/IV)-(oxyhydr)oxide sorbent phases and then resulted in the 

release of the adsorbed Cd from the dissolved Fe/Mn oxides (Cornu et al., 2007; 

Fulda et al., 2013; Hofacker et al., 2013; Huang et al., 2012). With ongoing culture 

experiment, the decrease of dissolved Cd concentration in soil solution should be 

attributed to the enhancement of Cd adsorption due to the increase in soil pH and Cd 
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precipitation in secondary iron minerals or sulfides (Fulda et al., 2013; Schippers et al., 

2004; Wang et al., 2019; Yuan et al., 2019). Similarly, the subsequent decrease of Fe 

concentration in soil solution with further incubation could be due to precipitation of 

Fe3(OH)8 or Fe3O4-nH2O brought about by the increase in pH and the formation of 

FeS caused by sulfate reduction (Fulda et al., 2013; Ponnamperuma, 1972; Schippers 

et al., 2004; Wang et al., 2019). 

Although the addition of Cd-YP enhanced the Cd concentration in soil solution 

(Wanrooij et al., 2006), it decreased with the flooding time (Kashem and Singh, 2001). 

Cd availability can be regulated strongly by soil processes and root activities, while 

culture experiments consider principally the role of redox processes with time, not 

root-soil interactions. In the Rhizotron experiments, Clear Cd mobilization maxima 

was observed around the rice root (Fig. 2B). Shuman and Wang (2008) also 

discovered that the Cd concentration in the soil solution of rice rhizosphere was more 

than non-rhizosphere via pot experiments with Cd salt amended soil. Furthermore, 

rhizotron preparation started off as a homogeneous soil system, but the spatial 

diversity of the solute chemistries within the soil increased greatly with flooding and 

overtime (Fang et al., 2018; Yin et al., 2020). On a small scale there will be a series of 

discrete hotspots with enhanced Cd availability (Fig. S4), giving rise to the concept of 

microniches as proposed by Jørgensen (1977). The Cd concentration in arrays of 

dispersed Cd microsites was 47.3 times higher than the surrounding zone, indicating a 

slightly diff erent mode that regulated the Cd availability. Products of microbial 

metabolism and synthesis, especially, can contribute to metal mobility (Unz and 

Shuttleworth, 1996). Microniches may be principally formed because of microbially 

driven mobilization/depletion of metals, often catalyzed by the hotspot having 
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diff erent rates of organic carbon decomposition/mineralization and/or diff erent 

microbial communities, compared with the surrounding soils (Fones et al., 2004). 

4.2. The association of the availability and distribution of Cd with environment factor 

in rice rhizosphere. 

After submergence, ROL of rice roots can influence the redox chemistry and the 

chemical form of metals in rhizosphere region (Lin et al., 2003). Based on Pearson 

correlation analysis, there are significant positive correlations between Cd flux and O2 

saturation around the rice rhizosphere (p < 0.01), and the active range of the 

rhizosphere affected by the ROL was about 2.5 mm from the root axes (Fig. 5A). Due 

to the ROL, Fe and Mn plaques around the rice roots were formed (Fig. 2A), which 

can adsorb the Cd in soil solution and reduce Cd availability (Muehe et al., 2013b; Yu 

et al., 2016a; Yu et al., 2016b). Except for the oxidation of Fe and Mn, an increase in 

Fe and Mn flux, particularly in root tip and lateral root, means that Fe
2+ 

and Mn
2+

 

consumed by oxidation may be replenished more rapidly by diffusion from other soil 

region (Shuman and Wang, 2008; Williams et al., 2014), where the oxidation front 

has not yet reached (mainly primary root, region FP and MP in Fig. 2) and the effect 

of root exudates on solubilization of Fe and Mn oxides by chelation and reduction 

(mainly lateral root and root tip, region FL and ML in Fig. 2). In addition, iron 

reduction may also result in Cd immobilization due to the adsorption by or 

coprecipitation in the formed secondary iron minerals (Muehe et al., 2013a; Muehe et 

al., 2013b; Yuan et al., 2018). 

A decrease in Cd availability during paddy soil reduction can be attributed to the 

Cd precipitation under sulfate reducing conditions during soil flooding (Fig. 4) (Cornu 

et al., 2007; de Livera et al., 2011; Huang et al., 2012). ROL can protect the rice roots 

from the high levels of harmful reduced/toxic chemical species, like H2S (Armstrong 
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and Armstrong, 2005), which may influence the availability of Cd-YP in the vicinity 

of rice root (Stahl et al., 2012). There are significant negative correlations between Cd 

and S
2-

 fluxes (p < 0.01, Pearson correlation analysis) (Fig. 5B). Moreover, the 

oxidation of S
2-

 in the rhizosphere induces soil acidification, leading to a decrease in 

Cd adsorption. That can explain why DGT-measured Cd flux in the rhizosphere was 

19.9 times higher than the bulk soil (CdS is an insoluble substance) (Fig. 5B). 

The increase in soil pH caused Cd immobilization (Fig. 5C). An acidification in 

rice rhizosphere region can be induced through release of H
+
 from the roots and H

+
 

produced by Fe
2+

 and S
2-

 oxidation (Begg et al., 1994; Kirk, 1993; Ponnamperuma, 

1972). Our results agreed with other observations of root-induced pH changes (Begg 

et al., 1994; Blossfeld and Gansert, 2007; Revsbech et al., 1999; Williams et al., 

2014). Decreasing pH reduces Cd adsorption by the change of surface charge, and H
+
 

is major competing cation for Cd
2+

 adsorption by organic matter or the oxy-

hydroxides of Fe, Al, and Mn (Alloway, 2012; Yuan et al., 2019). Rhizosphere 

acidification plays an important role in the bioavailability of soil Cd (Gu et al., 2011; 

Sun et al., 2019; Wang et al., 2016). Except for pH change, some organic acids 

released from the root can increase the availability of Cd in rhizosphere due to the 

formation of mobile organically-bound Cd (Jones et al., 1996; Nigam et al., 2001). 

This, in turn, enhanced Cd mobilization, potentially increasing the environmental risk 

of Cd-YP. Therefore, acidification and chelation may be both reasons why more Cd 

was mobilized in the rice rhizosphere than the bulk soil. 

Due to the root activity and root-soil interactions, microniche development was an 

important feature of Cd mobilization due to soil heterogeneity. Dissolved Cd 

concentrations in the vicinity of rice roots increased again, presumably due to the Cd 

desorption from the dissolved Fe/Mn oxides and the release of Cd from the insoluble 
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Cd-YP via oxidation of sulfides. This will help us accurately assess the environmental 

risks of Cd-YP amended soil. 

 

4.3. Future Research. 

The Cd availability released from the Cd-YP in the vicinity of rice roots and its 

accumulation in rice grains can pose a threat to human health. Much of the recent 

research is focused on Cd fate in rhizosphere based solely on ex situ methods. During 

the collection, storage, and transportation of the rhizosphere samples, 

physicochemical properties, such as pH and redox conditions, are subject to change, 

thereby leading to metal chemical speciation transformation. The high resolution 2-D 

imaging can provide insights into the spatial variability and root-induced depletion 

and accumulation of Cd in rice rhizosphere that have greatly improved understanding 

of redox coupling on a small scale (Taillefert et al., 2000) and demonstrated local 

affects due to biota (Luther et al., 1998). Cd behavior in the contaminated soil would 

be crucial for developing mitigation strategies to reduce the Cd accumulation and 

corresponding health risks of rice grown in Cd-Y contaminated paddy soil. While the 

Cd-Y contaminated soil may be used for growth of dryland plants and further 

investigation is certainly required. The release mechanisms obtained would be of 

direct meaning to the selection of any remediation strategy. The biogeochemical in 

situ mapping technologies can be also used to investigate the localized patterns of 

targeted elements around the root surface, critical region for targeted element 

acquisition, and the stability of remediation treatments and remobilization of targeted 

elements in the rhizosphere with the extension of the time in the future. 

As mentioned above, there is a close relationship among Fe(II)/Fe(III), S
2-

, and Cd 

availability. FeRB and FeOB are responsible for microbial oxidation and reduction of 
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iron, while SRB is considered one of the dominant microorganisms involved in the 

reduction of sulphate (Lin et al., 2010; Muller et al., 2017; Neubauer et al., 2007). 

Microbial processes are directly or indirectly involved in metal mobilization and 

immobilization. 

 

5. Conclusion 

Although Cd-YP has a very low solubility, Cd-YP can release Cd in paddy soils 

and the flux-maxima for Cd in aerobic-rhizosphere zones was higher than in 

associated anoxic bulk soil. Based on detailed data analysis, Cd mobilization patterns 

are strongly related to root-soil interactions (ROL, redox reaction of Fe and S, and pH 

changes in the rhizosphere) and microniche development. Our novel technique of 

simultaneous chemical imaging of targeted elements proved to be useful in 

identifying spatial distribution of dissolved Cd and localized mobilization or 

immobilization mechanisms. 
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Fig. 1. Concentrations of Fe and Cd in soil solution extracted from control soil and 

Cd-YP amended soil at different cultivation times from 2 to 28 d in the culture 

experiments. The solid line and dash line represent the concentration of Cd and Fe 

respectively. Values are means ± standard deviations of three replicates. 
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Fig. 2. Visualization of Cd, Fe, Mn and O2 around a set of rice roots. Measurements 

were made by deploying an O2 optode-DGT mixed sensor vertically in the anoxic soil. 

CB, CP, and CL denoted the Cd concentration in bulk soil, rhizosphere region, and 

lateral root/root tip, respectively; FB, FP, and FL denoted the Fe concentration; MB, 

MP, and ML denoted the Mn concentration. The O2 level (percent air saturation) and 

the metal fluxes increased sequentially with the color scale shown from black to white. 
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Fig. 3. The distribution relationship between pH and Cd in rice rhizosphere. The pH 

level and the metal fluxes increased sequentially with the color scale shown from 

black to white. 
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Fig. 4. The distribution relationship between S
2-

 and Cd in rice rhizosphere. The S
2-

 

level increased sequentially with the color scale shown from white to black and the 

metal fluxes increased sequentially with the color scale shown from black to white. 
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Fig. 5. The relationship between Cd availability and O2, S
2-

, and pH in rice 

rhizosphere. 
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Highlights 

1. HR-2D-DGT was applied to measure the spatial distribution of Cd, Fe, Mn, and S. 

2. The ROL and pH in rhizosphere were monitored by planar-optode. 

3. Cd availability was related to root-soil interactions and microniche development. 
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