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Abstract: Excessive accumulation of cadmium (Cd) and arsenic (As) in rice (Oryza sativa L.) poses a 

potential health risk to populations. Cd and As exhibit opposite geochemical behavior in paddy soil, 

using appropriate remediation materials to reduce their migration and inhibit their uptake by rice is a 

great challenge. A pot culture experiment was conducted to investigate the effects of application of 

silkworm excrement biochar (BC) and ferrous sulfate (Fe(II)) on available Cd and As in paddy soils 

and their uptake by rice. Results showed that the application of BC + Fe significantly accelerated the 

tillering of rice plants, and the addition of BC alone to soil did not have a significant effect on the 

pH of soil, while applied 1% (w/w) BC and 1% (w/w) Fe(II) (1BC-1 Fe(II)) treatment could markedly 

reduce the soil pH. BC+Fe(II) could reduce the content of available Cd (reduced by 10%–23%) and 

As (reduced by 6%–33%) in soil. BC+Fe(II) has a distinct decreasing effect on the available As, thus 

inhibiting As uptake in rice tissues, and the effect was more obvious with an increasing mass ratio 

of Fe in BC+Fe(II) treatment. BC+Fe(II) decreased bioaccumulation factors (BF) of As compared to 

control and BC alone treatments. Compared with As, Cd was more readily transferred from the 

root to the shoot and accumulated in rice eventually. These findings provide a safe and reliable 

remediation strategy though application of BC+Fe(II) in Cd and As co-contaminated soil. However, 

the improvement effect of amendments should be paid a special attention on soil pH. 

Keywords: silkworm excrement biochar; heavy metal; paddy soil; phytoavailability 

 

 

1. Introduction 

Anthropogenic activities and mining are major sources of metals accumulation in soils, especially 

in agricultural soils [1,2]. The pollution of Cd in paddy soils is a widespread problem due to its potential 

harm to plants and human health [3]. Rice (Oryza sativa L.) is a widely cultivated crop in China [1], 

and also a common dietary source for Cd and As exposure. A number of studies have reported that 

metal contents exceed safe values [4]. Cultivated in flooded soil, with the enhanced bioavailability 

of As in soil due to the anaerobic conditions, the rice take in more [5]. In addition, As is more easily 

taken in rice than other cereals [6]. Owing to high redox potential, aerobic conditions in paddy soil can 

obviously inhibit the uptake of As in grains, whereas rice growing tends to increase uptake of Cd in 

rice under the aerobic conditions [7,8]. For ensuring the grain safety, how to simultaneously reduce the 

uptake of Cd and As in rice has become a vital issue and drawn much public attention. 

Biochar is a carbon-rich material produced by the thermochemical conversion of biomass in a 

anoxic-high temperature condition, commonly using biomass materials including agricultural waste, 
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animal and plant residues, etc. [9]. In recent years, many researchers have highlighted that the biochar 

as a novel soil remediation or amendment was effective in remediating inorganic contaminants [10,11]. 

Agricultural solid waste has been widely used as a source of biochar materials [12,13]. The treatments 

with biochar reduce Cd transferring from soil to rice owing to its surface absorption and functional 

groups (e.g., −OH) complexation in order to immobilize metal cations in soils [14–16]. However, 

biochar did not show a consistent effect in As contaminated soil, nor did it effectively reduce the content 

of As in rice. The chemical properties of Cd and As in soil are usually opposite, so it is a challenge 

to find a composite soil amendment for eliminating the content in rice as well as ecological risk for 

both contaminants. There are numerous iron-based materials that have been proved to be effective in 

the immobilization of As in soil. Zero valent iron, iron (hydr) oxides have been extensively reported 

on immobilizing As in contaminated soils [17,18]. In addition, the effect of soluble Fe on reducing 

the bioavailability of As is better than that of metallic Fe [19]. The possible reason is that amorphous 

iron oxides with As can form Fe-As compounds on its surfaces with low solubility [20]. These reports 

suggest that decreasing As bioavailability and bioaccessibility in soil by applying Fe-material may 

be an effective method to immobilize As. In addition, Fe(II) and Fe(III) salts are considered to be a 

more effective amendments for As contaminated soil because of their chemical reactions in the soil that 

are more effective than iron oxides [18,21,22]. Therefore, Fe(II) as the main remediation material was 

proved to be effective in reducing the water-soluble As in soil [12,23]. 

Combining Fe-base materials and biochar to amend Cd and As co-contaminated soil have been 

reported, such as Fe(II) combination with compost, as a promising approach to deal with metals 

co-existing in high concentrations in soil [24,25]. However, in the paddy soils system, soil functions 

and services should be improved while considering the mitigation of metal toxicity. Therefore, based 

on these characteristics and our previous studies [12,26], biochar and ferrous ion were chosen to be 

amendments settling the Cd-As contaminated paddy soil, in order to figure out the disposal procedure 

of the materials and the translocation efficiency reduction of the two heavy metals mentioned above in 

contaminated rice plant soil. The objects of this study were (1) to investigate the effect of the biochar 

and ferrous ion on the bioavailable of Cd and As in contaminated soils and metals uptake by rice and 

(2) to explore the possible mechanism using biochar and ferrous ion immobilization As and Cd in soils. 

2. Materials and Methods 

2.1. Materials 

The raw material of silkworm excrement biochar (BC) was collected from the Guangxi Silk-Worm 

Technology Promotion Centre. The procedure of preparing biochar (BC) has been reported in our 

previous study [12]. Briefly, after dried naturally in a plastic tray, the silkworm excrement was 

transferred into a crucible. Then, the crucible was then heated in a muffle furnace (Nabertherm LT40, 

BRE, GER; heating rate: 20 ◦C/min; ventilatory rate: 2 mL N2/min) at 500 ◦C for 3 h, and then cooled to 

room temperature. BC was pulverized and stored in a glass container prior to characterization and pot 

experiment. The basic physicochemical properties of BC were determined, and the results were shown 

in Table 1. 

Table 1. Soil and biochar characteristics. 
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Ferrous sulfate (Fe(II)) was purchased from Shanghai Sinopharm Chemical Reagent Co. Ltd., 

China, which is analytical grade. 

Total 

Item pH  
Organic 

(TOC) % 

Cation 
Exchange 
Capacity 
(CEC) 

cmol/kg 

 
Available Available Available Total As Total Cd  Available  Available 
N mg/kg  P mg/kg  K mg/kg  mg/kg  mg/kg As mg/kg Cd mg/kg 

Soil 7.6 14.6 9.25 131.5 26.5 122.0 27.3 7.7 1.8 3.0 

Biochar 9.4 227.8 71.59 ND ND ND ND ND ND ND 
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The contaminated soil was classified as a typical calcareous soil and collected in a paddy field 

adjacent to a mining in Daxin, Guangxi Zhuang Autonomous Region, China. Soil samples were dried 

naturally in shade. The pH, total organic carbon (TOC), cation exchange capacity (CEC), available N, 

available P, available K, As, and Cd contents of soil were determined, and the results were shown in 

Table 1. 

The rice variety (Oryza sativa L.) is Baiyou1191, which purchased from the agricultural science 

and technology market of Nanning, Guangxi Zhuang Autonomous Region, China. The entire growing 

period of rice is about three months. 

The concentrations of Cd and as in the solutions were determined by inductively coupled plasma 

mass spectrometry (ICP-MS, iCAP Q, Thermo Scientific, MA, USA). ND indicates lower than the 

detection limit, Cd is 0.0125 mg/kg, and As is 0.025 mg/kg. 

2.2. Pot Experiments 

The amendments were consisted of BC and/or Fe(II). The treatments were as follows: (1) Control, 

untreated soil (9 kg dry weight); (2) BC, alone applied 1% (w/w, dry weight soil) biochar per pot, 

(3)1BC-1Fe(II), applied 0.5% biochar and 0.5% ferrous sulfate per pot; (4) 3BC-1Fe(II), applied 0.75% 

biochar and 0.25% ferrous sulfate per pot; (5) 5BC-1Fe(II), applied 0.83% biochar and 0.17% ferrous 

sulfate per pot. The amendments were mixed with soil and placed in each pot. Basic fertilizer was 

applied at 54.0 g N(CO(NH2)2), 3.6 g P(Ca(H2PO4)2·H2O), and 2.9 g K(KCl) of each pot, and each 

treatment was repeated three times. 

The treated soil was submerged (2–3 cm above the soil surface) with deionized water for a week 

and randomly arranged in a greenhouse. The rice seeds were sterilized with 30% H2O2 for 10 min, 

then rinsed with deionized water and soaked for 24 h. Rice seeds were germinated in pots filled with 

vermiculite in a greenhouse until five leaves seeding out, and then three rice seedlings, with uniform 

sizes were transplanted into each pot on 30 August 2015. Effective tiller numbers of each treatment 

contained 3 sub-samples on the tillering stage (16 October 2015), and each sub-sample effective tiller 

numbers were measured for three tested plants in each pot. Plants were reaped on 19 November 2015. 

The procedure of water management are as follows: maintain a 2 cm layer of water until the 

tillering stage, 3 cm layer of water at tillering stage, and then dried at the jointing stage, 3 cm layer of 

water at the blooming stage, 1 cm layer of water was maintained at the maturity stage, dried out for 

cleavage until 7 days before the harvest. A fixed vertical ruler was used for measuring the depth of 

layer water in the whole growth stage. 

Rhizosphere soil was collected during rice harvest, and each soil sample contained 3 sub-samples. 

The collected soil samples were air-dried and screened to <2 mm for pH, available Cd and As 

measurements. The plant tissues including root, straw, husk, and grain were collected. Each sample 

consisted of 3 subsamples. The rice tissues were thoroughly washed with ultrapure water (18.2 MΩ·cm) 

eventually. The root and straw were dried at 105 ◦C for 1 h, and dried at 60 ◦C for 48 h in a dryer. Grain 

were dried at 60 ◦C for 48 h before being decorticated. The samples were powdered with a stainless 

steel grinder and passed through a 0.25 mm sieve before chemical analysis. All the plant tissues were 

crushed using a stainless steel mill and the powder stored in a silica gel dryer before chemical analysis. 

2.3. Chemical Analyses 

Soil pH was measured with a glass electrode using a soil to carbon dioxide-free water ratio of 

1:2.5 (w/v, UB-10, Denver Instrument, Arvada, CA, USA). For determination of soil total organic 

carbon (TOC), 0.3 g soil was added to 50 mL glass tubes, and the tubes were placed in a paraffin oil 

bath for 5 min at 170 ◦C with 5 mL of K2Cr2O7-H2SO4 solution, and the mixture was titrated with 

ferrous sulfate solution after cooling. The soil cation exchange capacity (CEC), available N, available 

P, and available K were measured using the BaCl2-MgSO4 exchange, NaOH hydrolyzed-H3BO3 

absorption, sodium bicarbonate extraction Mo-Sb anti-spectrophotometry, and ammonium acetate 

extraction flame photometry method, respectively [27]. Soil samples of 0.2000 g were digested in 
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a ternary mixture of HF, HNO3, and HClO4 (4/5/2, v/v) acid in microwave digester (Mars 6, CEM, 

BSN, USA) at 220 ◦C for 30 min until a clear solution about 1–2 mL was obtained. Then, the solution 

was transferred into a volumetric flask, and adjusted to 50 mL with 3% (v/v) HNO3 for later analysis. 

Plant samples of 0.5000 g were digested with HNO3/HClO4 (8/2, v/v) in a microwave digester. Available 

Cd was extracted by diethylene triamine pentaacetic acid-triethanolamine (DTPA) according to ISO 

14870 [28], and available As were extracted by 0.5 M NaHCO3 [29]. All of the extracts were diluted 

with Milli-Q water and filtered using 0.45 µm nylon filter membranes and subsequently analyzed for 

Cd and As concentrations using inductively coupled plasma mass spectrometry (ICP-MS, iCAP Q, 

Thermo Scientific, Waltham, MA, USA). The analysis methods for As and Cd in rice tissues have been 

described in detail in previous studies [30,31]. The resulting solutions were diluted to 50 mL in 3% 

HNO3 in volumetric flasks, filtered, and stored at 4 ◦C prior to analysis. 

The glassware used for Cd and As analyses in the experiment was soaked with 10% HNO3 before. 

To ensure the quality, 20 samples including blank samples, duplicate samples, and reference material 

were digested. For the whole procedure, soil and plants were digested using documented standard 

materials for quality control (GBW10044 (grain) and GBW07454 (soil)). 

2.4. Statistical Analysis 

The data were analyzed using an analysis of variance. Duncan’s multiple range tests were used to 

detect differences between means for the fixed effects at the probability levels of p < 0.05 and p < 0.01 

(IBM SPSS Statistics 19.0, Armonk, NY, USA). The figures were drawn with Origin Pro 8.0 (OriginLab, 

Northampton, MA, USA). 

The bioaccumulation factor (BAF) and translocation factor (TF) were calculated based on previous 

studies [22], and presented as follows: 
 

BAFroot = Croot/Csoil, 
 

BAFstraw = Cstraw/Csoil , 

BAFhusk = Chusk/Csoil , 

BAFrice = Crice/Csoil , 

TFrs = Cstraw/Croot , 

TFsg = Cgrain/Cstraw , 

where Croot, Cstraw, Chusk, Cgrain, and Csoil are the contents (mg·kg−1) of Cd or As in root, straws, husk, 

grain, and soil, respectively. 

3. Results 

3.1. Effective Tiller Number 

Metal pollution inhibited the growth of rice effective tillers, which could be alleviated by BC+Fe(II) 

treatment (Figure 1, Table 2). The treatments of BC+Fe(II) increased effective tiller number, especially 

the 1BC-1Fe(II) treatment, whose tiller number was >2-fold greater than that of the control. The effective 

tiller number was increased with increasing Fe(II) ratio in BC+Fe(II) treatments. Nevertheless, the BC 

treatment was minor reduction than control, but there was no significant difference. These results 

showed that the increase of effective tiller number should be attributed to the addition of Fe(II). 
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Figure 1. Growth of rice at the tillering stage. 

Table 2. Effective tiller number of per rice plant. 
 

Treatments Effective Tiller Number (per Plant) 
 

Control 4.1 ± 0.2 c 
BC 3.6 ± 0.7 c 

1BC-1Fe(II) 9.2 ± 0.2 a 
3BC-1Fe(II) 7.1 ± 1.1 b 
5BC-1Fe(II) 4.7 ± 0.6 c 

 

Data are means ± standard error (n = 3). Lowercase letters indicate significant differences (p < 0.05). Control, 

untreated soil; BC, applied 1% (w/w, dry weight soil) biochar; 1BC-1Fe(II), applied 0.5% biochar and 0.5% ferrous 
sulfate; 3BC-1Fe(II), applied 0.75% biochar and 0.25% ferrous sulfate; 5BC-1Fe(II), applied 0.83% biochar and 0.17% 
ferrous sulfate. 

 

3.2. Soil pH 

As shown in Figure 2, the soil pH was decreased 0.7 units under 1BC-1Fe(II) treatment compared 

to control (pH 7.8). The soil pH presents a gradual increase trend with adding of BC mass in BC+Fe(II) 

treatments. However, it is worth noting that the pH of the BC treatment (7.9) was slightly increased 

compared with control; there is no significant difference (p < 0.05). Generally, changes of soil pH are 

the result of a combination of BC and Fe(II), and these are mainly contributed by BC application. 

 

Figure 2. The pH in different treatments. Lowercase letters indicate significant differences (p < 0.05). 

The data are mean ± standard error (n = 3), bars represent standard errors (n = 3). Control, untreated soil; 

BC, applied 1% biochar; 1BC-1Fe(II), applied 0.5% biochar and 0.5% ferrous sulfate; 3BC-1Fe(II), applied 

0.75% biochar and 0.25% ferrous sulfate; 5BC-1Fe(II), applied 0.83% biochar and 0.17% ferrous sulfate. 
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3.3. Available Cd and As 

To analyze the bioavailability of Cd in soil, DTPA extraction method was used to obtain available 

Cd content under different treatments (Figure 3). Compared with control, the available Cd were 

reduced in all treated soil, which were significantly decreased by 23% in 5BC-1Fe(II) (p < 0.05). It is 

worth noting that, although BC treatment reduced the available Cd, it had no significant difference 

with control (p < 0.05), as well as 1BC-1Fe(II) and 3BC-1Fe(II) treatments. Combination of BC and Fe(II) 

could effectively retain the available Cd in soil, and this effect was mainly caused by application of BC. 

 

Figure 3. The effect of different treatments on available Cd and As in soil. Different letters indicate that 

the differences are statistically significant (p < 0.05). The data are mean ± standard error (n = 3), bars 

represent standard errors (n = 3). Control, untreated soil; BC, applied 1% biochar; 1BC-1Fe(II), applied 

0.5% biochar and 0.5% ferrous sulfate; 3BC-1Fe(II), applied 0.75% biochar and 0.25% ferrous sulfate; 

5BC-1Fe(II), applied 0.83% biochar, and 0.17% ferrous sulfate. 
 

We further analyzed the changes of available As concentrations after application of amendments 

(Figure 3). The available As concentration is lowest in 1BC-1Fe(II) treatment, which reduced 33% 

compared to control. In addition, the BC, 3BC-1Fe(II), and 5BC-1Fe(II) also reduced the content of 

available As, but there was no significant difference compared to control. 

3.4. Cd and As Contents in Rice Tissues 

The Cd contents and distribution in the root, straw, husk, and grain were affected by applied 

amendments (Figure 4). The distribution of Cd in rice tissues completely followed as order root > 

straw > husk > grain in this study. In all amendments, 1BC-1Fe(II) treatment could promote the 

uptake of Cd in rice tissues. We noted that all treatments promoted the root absorption of Cd, but 

only 1BC-Fe(II) showed significantly difference, which was increased by 262% compared to control. 

In addition, the highest content of Cd in straw, husk, and grain under 1BC-1Fe(II) treatment, while the 

lower Cd content was presented in BC, 3BC-1Fe(II) and 5BC-1Fe(II) treatments. Figure 4 shows that 

the grain Cd content was highest in 1BC-1Fe(II) treatment, which is 1.3 ± 0.3 mg·kg−1, while the other 

three treatments are lower. What needs to be illustrated is that the yield of rice in control treatment 

was significantly affected due to special growing conditions of excessive heavy metal in soil without 

BC and Fe(II) amendment. Therefore, the plants growth was inhibited, resulting in low yields and 

inability to digest analysis of grain. Based on the distribution of Cd in plant tissue after treatments, 

we suppose that the trend of Cd uptake in grain is consistent with root, husk, and straw under the four 

treatments, Cd content in grain will be lower than 1BC-1Fe(II) treatment while higher than control, 

3BC-1Fe(II), and 5BC-1Fe(II) treatments. 

The sequence of As accumulation in plant is root > straw > husk > grain; this is consistent with 

the distribution of Cd. The contents of As in root, straw, husk and grain are 22.00–78.08 mg·kg−1, 

1.01–3.02 mg·kg−1, 0.10–0.19 mg·kg−1 and 0.01–0.23 mg·kg−1, respectively, which indicates that there 

is a significant difference in the uptake of As in different tissues. Compared to control, there was 

no marked difference of As contents in plant tissues under BC treatment, indicating that BC had no 
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significant effect on inhibiting tissues uptaking As. Conversely, the As uptake in tissues increasing with 

the mass decreased of Fe(II) in BC+Fe(II) treatments, and 1BC-1Fe(II) treatment was more prominent. 

Similarly, the growth of rice has been inhibited in untreated soil (control), resulting in low yields and 

inability for digest analysis of grain, which analyzed the distribution of As under different treatments 

and speculated that the As content in grain was the same as that in BC treatment. 

 

Figure 4. The Cd and As contents in rice tissues. The un-amendment soil (Control) inhibited the ear 

formation of rice (grain is null in control treatment). Different letters indicate that the differences are 

statistically significant (p < 0.05). The data are mean ± standard error (n = 3), bars represent standard 

errors (n = 3). Control, untreated soil; BC, applied 1% (w/w) biochar; 1BC-1Fe(II), applied 0.5% biochar 

and 0.5% ferrous sulfate; 3BC-1Fe(II), applied 0.75% biochar and 0.25% ferrous sulfate; 5BC-1Fe(II), 

applied 0.83% biochar, and 0.17% ferrous sulfate. 

3.5. Comparison of Cd and As Translocation 

In this study, total As (27.3 mg·kg−1) was much higher than Cd content (7.7 mg·kg−1) in soil, but 

Cd accumulation in grain was much higher than As (Figure 4). BAF were calculated based on the 

ratio of the heavy metal uptake by different tissues to the total metal content in soil (Tables 3 and 4). 

In general, the amendment treatment which has poor BAF value could be suitable for immobilization 

of Cd or As to decrease their availability to the rice in the soil. The BAF value of Cd was the highest in 

1BC-1Fe(II) treatment, which was the same as the pH reduction effect. This indicates that soil pH is the 

main affecting factor of BAF. In addition, the BAF value of Cd gradually decreased from root to grain 

migration. Combined with the analysis of TF, we found that it is easier to transfer Cd from root to stem 

than from stem to grain. The BAF of As have significantly higher of root and straw uptake ability than 

husk and grain, it ranged from 0.04 to 2.86 in root and straw, whereas, for husk and rice, it only ranged 

from 0.04 × 10−2 to 0.90 × 10−2, indicating that As in root and straw was much easier to be accumulated 

than in husk and grain. When Fe(II) was added, the accumulation of As in plants was lower than that 

in control and BC treatment, indicating that Fe(II) inhibited the migration of As to plants. 

Furthermore, the TF, representing the transfer capacity of metals in different tissues were calculated 

(Tables 3 and 4). The TF from root to straw (TFrs) were in the range between 0.17 to 0.37 and 0.04 to 

0.06 for Cd and As, respectively, and Cd and As from straw to grain (TFsg) ranged from 0.21 to 0.47 

and from 0.02 to 0.13, respectively, indicating that the translocation of As from root to straw and from 
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straw to grain is more difficult than that of Cd. However, the application of BC did not alter (increased 

or decreased) the As BAF and TF. 

Table 3. Bioaccumulation factors (BF) and translocation factors (TF) of Cd. 
 

Treatment BAFroot BAFstraw BAFhusk BAFgrain TFrs TFsg 

Control 1.05 ± 0.24 c 0.41 ± 0.17 b 0.23 ± 0.04 b – 0.37 ± 0.09 a – 

BC 1.09 ± 0.09 bc 0.20 ± 0.11 c 0.12 ± 0.03 c 0.09 ± 0.01 b 0.19 ± 0.02 b 0.47 ± 0.05 a 
1BC-1Fe(II) 3.62 ± 0.65 a 0.84 ± 0.20 a 0.43 ± 0.07 a 0.17 ± 0.03 a 0.24 ± 0.07 b 0.25 ± 0.06 b 

3BC-1Fe(II) 1.64 ± 0.46 b 0.29 ± 0.14 bc 0.11 ± 0.03 c 0.06 ± 0.02 c 0.17 ± 0.04 b 0.21 ± 0.02 b 

5BC-1Fe(II) 1.54 ± 0.30 bc 0.26 ± 0.12 bc 0.11 ± 0.04 c 0.06 ± 0.01 c 0.21 ± 0.03 b 0.29 ± 0.08 b 

– BAF and TF value could not be calculated due to the lack of data on the control treatments. The data are mean ± 
SD (n = 3). Different lowercase letters indicate a significant difference at p < 0.05. 

 

Table 4. Bioaccumulation factors (BF) and translocation factors (TF) of As. 
 

Treatment BAFroot BAFstraw BAFhusk (×10−2) BAFgrain (×10−2) TFrs TFsg 

Control 2.69 ± 0.29 a 0.12 ± 0.03 a 0.64 ± 0.21 a – 0.04 ± 0.01 b – 

BC 2.86 ± 0.44 a 0.11 ± 0.04 a 0.66 ± 0.15 ab 0.90 ± 0.30 a 0.04 ± 0.01 b 0.13 ± 0.04 a 

1BC-1Fe(II) 0.83 ± 0.10 b 0.04 ± 0.01 b 0.38 ± 0.10 b 0.04 ± 0.02 c 0.04 ± 0.01 b 0.02 ± 0.01 b 

3BC-1Fe(II) 0.86 ± 0.29 b 0.04 ± 0.01 b 0.52 ± 0.17 ab 0.20 ± 0.10 b 0.04 ± 0.01 b 0.03 ± 0.01 b 

5BC-1Fe(II) 1.46 ± 0.44 c 0.08 ± 0.03 c 0.60 ± 0.14 ab 0.20 ± 0.01 b 0.06 ± 0.01 a 0.03 ± 0.02 b 

– BAF and TF value could not be calculated due to the lack of data on the control treatments. The data are mean ± 
SD (n = 3). Different lowercase letters indicate a significant difference at p < 0.05. 

 

4. Discussion 

The yield of rice is associated with the tiller number of plants. More rice plant tillers mean a 

higher yield of rice [32]. As is well known, Fe as an essential mineral elements for the chloroplast 

synthesis and enzymes involved in the biosynthesis express has a very important role in graminaceous 

plants [33], and thus promotes plant growth [24,34]. The iron may generate the formation of iron 

plaque on the surface of root, promoting the growth and bifurcation of root [23]. Iron plaque both 

increases the uptake of nutrients and promotes the growth of rice; these results can be found in field 

applications [35]. In addition, extra addition of SO4
2+ into the heavy metal contaminated soil could 

increase the plant height and the soil biomass [36]. 

In soil, pH is a key factor which influence the availability of heavy metals [37]. As is easily 

transferred in soils with a pH between 3 and 8 [38]. On the contrary, in a low pH condition, 

the availability and mobility of Cd are increasing. In previous study, the limed biochar had been 

proved to be effective in eliminating soil contamination by increasing the soil pH [39–41]. In our 

study, BC has a high pH value (pH 9.4) which could induce a liming effect on the mobility of Cd. 

Furthermore, with the pH increasing, the number of positively charged sites on soil minerals decreases, 

lowering the sorption capacity of negatively charged oxy-anions of As [42]. However, in our study, 

the pH slightly increased with biochar addition, and the changes in soil pH were brought about by 

the Fe(II) application. The pH value was significantly decreased in 1BC-1Fe(II) treatment owing that 

Fe(II) accounted for a significant portion of amendment. A similar result was reported by Cui [43], 

who found that addition of Fe(II) could obviously decrease the soil pH value. It is well known that 

the Fe-hydroxides may result in a lower pH. It can be ascribed to the hydrolysis and precipitation of 

Fe(III)-hydroxides, after the oxidation of Fe(II) to Fe(III) in the air. With a relatively rapid kinetics, 

Fe(II) can be oxidized to the trivalent state [44]; this process produces protons and thus may lower the 

pH [45]. 

Heavy metal’s toxicity in the soil and its potential risk of entering human body was evaluated 

by its bioavailability. The mobility and bioavailability of metals can be eliminated dramatically by 

applying soil amendments in the multiple contaminated soils [11,46]. The mechanisms of stabilizing 

the As in soil can be concluded in two aspects: the generation of amorphous or crystalline Fe(III) 

arsenate compounds and the other one is absorption on the layer of iron (oxy)hydroxides, including 

zero talent iron, iron hydroxides, and oxides, which have the ability to remove both As(III) and As(v) 
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from soil [22,30]. Fe(II) could also be oxidized to Fe(III) when exposed to an aerobic environment, 

and, with oxidized forms, it was possible to subsequently remove As from contaminated soil by 

adsorption and co-precipitation [47]. The Fe(III) ions were precipitated as Fe(III) hydroxide when BC 

was amended. The iron-bearing mineral was formed and bonded arsenate and arsenite, which may 

play a significant role in As immobilization of Fe(II) in our study [24,25]. 

In addition to the liming effect, biochar may provide other benefits including adsorption of both 

cations and anions which may reduce nutrients’ leaching owing to high surface charge density, high 

surface area, internal porosity, and the presence of both polar and non-polar surface sites [12,48]. 

In general, the liming procedure can enhance the heavy metal barrier effect. The effect of the 

amendments on Cd differed from that of As, owing to the application of Fe(II), soil pH decreased by 

0.7 units in 1BC-1Fe(II) treatment. The immobilization of heavy metals can be achieved by adsorption 

on the surface of biochar. It can be divided into two categories: specific and non-specific adsorption. 

Specific adsorption indicates that the metals were forming coordination bonds to surface in the 

inner layer, while nonspecific adsorption related to those metals was adsorbed by simple coulombic 

interaction in the diffuse electric double layer [49]. Harvey [50] reported that Cd2+ was adsorbed by 

biochar occurring predominantly via two distinct cation-π bonding mechanisms involving Cd2+−π 

bonding with soft ligands (e.g., C = O) or electron-rich domains on aromatic structures. Such adsorption 

processes are probably responsible for our study. The results of this study are particularly pleasing 

regarding the application of this biochar to Cd and As contaminated soils, since it demonstrated that 

available Cd and As concentrations were decreased. However, soil pH was not distinctly changed in 

BC alone treatments compared to control. Thus, it can be deduced that the decrease of Cd mobility 

may be attributed to absorption by BC rather than pH increase. In the present study, the available As 

can be eliminated by Fe(II), but the DTPA-extractable Cd increased. These antilogous results may owe 

to the variance of soil pH after addition of Fe(II) [51]. 

Related to the free iron oxide, the iron plaques on the outside layer of roots can accelerate the 

inhibition of As [22,52]. Due to iron plaque being ubiquitous on rice roots and a barrier against As 

uptake, it should not be ignored while detecting the As inhibition mechanism of rice plants. The As 

content and BAF in root, husks, and grain increased proportionally to decreasing amounts of external 

Fe(II) (Figure 4, Table 4). The application of Fe(II) showed significant reduction of the As content in 

rice root, indicating that Fe(II) application brings about the decrease mobility of As by raising the level 

of free Fe oxide in the soil. The high affinity of root iron plaques to arsenate and altered the arsenate 

uptake of rice seedlings [53,54]. It can be presumed that the root iron plaque has the ability to obstruct 

As uptake, thus reduces the migration of As from soil to rice plant. Iron-bearing mineral and iron 

plaque play a key role in immobilization of As contaminated soil. Cd has a higher TFrs value than As 

(Tables 3 and 4), indicating that the translocation of As from root to straw and from straw to rice is more 

difficult than that of Cd. The study has shown that aquaporin channels can take As(III) and Cd [55]. 

In addition, Cd can also enter the rice by an absorption channel of mineral elements [56], transported 

from roots to the stem through the phloem, then directionally distributed through the microtubules. 

Therefore, the differences between metal contents and distribution in rice tissues may be the reason 

for different transport mechanisms when the rice plant uptakes the Cd and As (V). As (V) is taken 

up via phosphate transporters of plants [57] because both arsenate and phosphate have a tetrahedral 

structure [58,59]. Matsumoto reported that the application of Fe materials had a significant decreasing 

effect on the contents and proportions of inorganic-As (iAs) in rice grain, indicating that, compared to 

the translocation of organic As from shoots/roots to grains [60], the same process of iAs is much more 

difficult. This made the decrease in the proportion of iAs in the rice grain. The TF of As depends not 

only on total As, but its morphology (III, V) is also an important factor. Therefore, the treatments with 

addition of BC, BC+Fe(II) made a difference in the soil characteristics like pH, Fe fractions, As species, 

and Cd migration, resulting in different Cd and As uptake from soil to rice plants. 
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5. Conclusions 

This study illustrates the addition of BC and Fe(II) under an appropriate mass ratio could guarantee 

the growth of rice in As and Cd co-contaminated paddy soil, and the toxicity of Cd and As to rice 

growth was significantly reduced. The BC+Fe(II) treatment can reduce the available As and Cd in soil. 

The Fe(II) significantly inhibited As uptake by rice and the translocation from roots to shoots, and BC 

could decrease the accumulation and migration of Cd. The 1BC-1Fe(II) treatment markedly reduced 

As uptake and soil pH significantly, while more Cd accumulates in the rice plant and one should be 

catious about the risk of causing damage to human health. Furthermore, in this study, when Fe(II) 

and BC were used together, the inhibitory effect of Cd and As uptake by rice in straw, husk, and grain 

could be significantly observed with increasing the mass ratio of biochar. The combined use of BC and 

Fe(II) as amendments in the Cd-As co-contaminated soil should be taken into consideration due to its 

pH decreasing effect on soil. 
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