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Abstract

:

Biochar is preferentially recommended for the remediation of heavy metal-polluted soils. Sunflower is an important high-biomass oil crop with a promising potential for phytoremediation of Cr(VI)-polluted soil. However, how biochar affects sunflower growth and Cr accumulation in Cr(VI)-polluted soil needs to be elucidated. Here, a pot culture experiment was conducted to study whether soil amendment with biochar (0, 0.1%, 1%, and 5%, w/w) can mitigate Cr toxicity and accumulation in sunflower seedlings grown in soils artificially polluted with different levels of Cr(VI) (0, 50, and 250 mg Cr(VI)/kg soil). The addition of Cr(VI) exhibited significant phytotoxicity, as evidenced by inhibited plant growth and even the death of seedlings at 250 mg/kg Cr(VI). Overall, biochar amendment showed positive effects on plant growth and Cr immobilization, dependent on both the biochar dose and Cr addition level. When 50 mg/kg Cr(VI) was added, 1% biochar showed positive effects similar to 5% biochar on improving plant growth and mineral nutrition (particularly K), reducing Cr content in shoots and roots, and decreasing Cr availability and Cr(VI) content in the soil. In comparison with non-amendment, 1% and 5% biochar caused 85% and 100% increase in shoot dry weights, and 75% and 86% reduction in shoot Cr concentrations, respectively. When 250 mg/kg Cr(VI) was added, a 5% dose produced much better benefits than 1%, while a 0.1% dose did not help plants to survive. Overall, an appropriate dose of biochar enhanced Cr(VI) immobilization and subsequently decreased its toxicity and accumulation in sunflower seedlings. Our findings confirm that biochar can be used as an efficient amendment for the remediation of Cr(VI)-polluted soils and cleaner production of sunflower oil and biomass.
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1. Introduction


Chromium (Cr) is a common toxic metallic pollutant in soil. It has been estimated that more than 30,000 tons of Cr have been released into the environment globally in the past 50 years, most of which has accumulated in soils [1]. In a national survey of the soil contamination status of China, 1.1% of soil samples had Cr concentrations exceeding the environmental quality standard [1]. A meta-analysis shows that Cr concentrations in China’s farmland soil range from 1.48 to 820.24 mg/kg [1]. According to China’s soil quality standard (GB15618-2018), about 4.31% and 0.12% of the sampling sites exceed the screening values (150–250 mg/kg) and the intervention values (800–1300 mg/kg), respectively [1]. In the natural environment, Cr(VI) and Cr(III) are the most common and stable forms. Cr(III) is an essential trace element for human and animal health, but not required by the plants [2]. Differently, Cr(VI) has been classified as a class I carcinogen to humans [3]. Cr in the agricultural soils of China shows high non-cancer and cancer health risks [4]. In agricultural soil, excessive Cr(VI) can not only produce phytotoxicity, but also accumulate in edible crop tissues, consequently causing health risks via the food chain [5]. Considering the above context, effective technologies need to be exploited to remediate Cr(VI)-polluted soils.



Biochar is a type of carbon-rich material with rich porous structures, multiple functional groups, and a high adsorption capacity. Previous studies have confirmed that biochar can be used as a soil amendment for the remediation of soils polluted with heavy metal(loid)s via various mechanisms, such as electrostatic adsorption, ion exchange, complexation, and precipitation [6,7,8]. Via the immobilization and reduction of Cr(VI), biochar generally decreases the availability and toxicity of Cr(VI) to plants and thus reduces Cr accumulation in plant tissues [9,10,11,12]. However, because plants differ in their Cr detoxification capacity and mechanisms, the toxicity and uptake of Cr in plants vary with the type of plant species [2]. In addition to pollution abatement, biochar can improve the soil’s physical, chemical, and biological properties and fertility, promoting plant performance in polluted soils [13,14,15,16,17]. A meta-analysis estimates that the overall effect of biochar on plant productivity can reach 16.0 ± 1.26%, but plant productivity response varies from −31.8% to 974%, largely dependent on biochar properties and soil conditions [15]. The effects of biochar can change under different soil conditions [18]. One study found that the application of 5% biochar decreased the bioavailability of Cu, Cd, Ni, and Zn more effectively in acidic soil than in alkaline soil [19]. A meta-analysis shows that biochar produced the greatest benefit for crop productivity in sandy soils, followed by clay, then silt or loam-textured soils [20].



Sunflower generally has a strong heavy metal enrichment capacity and thus is recommended for the phytoremediation of heavy metals, including Cr [21,22,23,24]. Meanwhile, sunflower is a bioenergy crop widely grown to produce bio-oils [24]. In a Cu-polluted soil, amendment with biochar significantly decreased leachable soil Cu and increased sunflower shoot biomass [25]. Another study showed that the application of tannery solid waste biochar loaded with microbe (Trichoderma and Bacillus) promoted sunflower growth [26]. Choppala et al. [12] found that chicken waste biochar (5%, w/w) was less effective than black carbon in reducing the phytotoxicity of Cr(VI) in sunflower; however, considering the authors used only one type and one dose, the effects of biochar cannot be concluded imprudently. How biochar affects Cr toxicity and its effects on sunflower performance needs to be explored.



We hypothesized that the application of biochar can enhance the immobilization of Cr in soil and reduce its toxicity to sunflower, accordingly improving plant performance in Cr-polluted soil. Thereby, using oil sunflower as a test plant and different doses of biochar, we conducted a pot culture experiment to verify whether biochar can decrease Cr phytotoxicity and accumulation in sunflower. Our ultimate aim is to select an appropriate dose of biochar for the remediation of soils with different Cr-pollution levels. Our results can also help to recognize whether biochar facilitates the phytoremediation of Cr using sunflower and the safe production of sunflower in Cr-polluted soil.




2. Materials and Methods


2.1. Test Soil


The test soil was sampled from the surface layer (0–20 cm depth) of Xuezhuang experimental field of Shangqiu Academy of Agriculture and Forestry Sciences, located in Shuangba Town, Shangqiu, Henan Province, China. The soil was air-dried for two weeks and sieved through a 2 mm mesh for the plant culture experiment. The soil type was fluvo-aquic soil, with soil pH 8.46 (water soil ratio = 2.5:1), 1.11% organic matter, 1.36 g/kg total N, 1.02 g/kg total P, 11.49 g/kg total K, 58.28 mg/kg alkali-hydrolyzable N, 22.44 mg/kg available P, 136.00 mg/kg NH4OAc extractable K, 65.00 mg/kg total Cr, and 2.28 mg/kg ethylene diamine triacetic acid (EDTA)-extractable Cr.




2.2. Biochar


Commercial biochar was purchased from Lvzhiyuan Activated Carbon Co., Ltd. (Pingdingshan, China). The biochar was made by heating agricultural waste, such as straws of wheat and maize, woodchips, and fruit shells under a 500–600 °C limited-oxygen environment. The basic properties were as follows: pH 7.3, average particle size ≤ 75 μm, average specific surface area 863 m2/g, ash content 9%, moisture content 8.5%, methylene blue adsorption 60 mL/g, and iodine value 835 mg/g. The content of toxic metals (i.e., Pb, Cd, and Cr) in the biochar was below the limit of detection.




2.3. Experimental Design and Procedure


The pollution level of Cr was simulated based on the environmental Cr-pollution status [1] and China’s soil environmental quality standard (GB15618-2018). A bi-factorial experiment was designed, including three Cr addition levels (0, 50, and 250 mg Cr(VI)/kg soil) and four biochar doses (0, 0.1%, 1%, and 5%, w/w). Each treatment had four replicates. A proper amount of K2Cr2O7 powder was weighed and mixed thoroughly into the test soil (see Section 2.1) to achieve the target levels and then biochar was mixed into the soil at the designed doses. Thereafter, 1500 g soil with or without biochar was filled into each pot (top diameter 17 cm, bottom diameter 13 cm, and height 15 cm). The pots were irrigated with tap water to maintain soil moisture at the maximum water holding capacity and placed in a naturally controlled greenhouse to equilibrate for 30 days.



Eight seeds of oil sunflower (Helianthus annuus L. var. Shengyou GW-S7070) surface-sterilized in 10% H2O2 solution for ten minutes were grown in each pot and five seedlings were kept one week after seedling emergence. The seedlings were placed in the above-mentioned greenhouse with day/night temperature 26 ± 10 °C/20 ± 8 °C. Deionized water was irrigated to maintain a soil moisture of about 70% water-holding capacity for plant requirements. Weeds were eradicated timely after their emergence. No fertilizers were supplied during the whole growth period.




2.4. Determination of Metals and Nutrients in Soil and Plant Samples


Shoots and roots were harvested separately eight weeks after sowing. After being washed with tap water and deionized water respectively, plant samples were oven-dried at 70 °C to constant weight and then weighed using a digital electronic balance to record the dry weights. The ground plant samples were digested using HNO3 (98%, guaranteed reagent grade) in a graphite digester. Cr and K concentrations in the digested solution were determined with a flame atomic absorption spectrophotometer (FAAS, AA-7000, Shimadzu, Kyoto, Japan). P concentration was determined using molybdenum antimony spectrophotometry using an ultraviolet visible spectrophotometer (UV-5100, Shanghai Metash Instruments Co., Ltd., Shanghai, China). Plant N content was determined using a Kjeldahl nitrogen analyzer (Hanon K9840, Shandong Hanon Instruments Co., Ltd., Jinan, China) after digesting with H2SO4 and H2O2. For quality assurance of the determination of Cr, N, P, and K in plants, blanks and standard plant materials [GBW-07603 (GSV-2)] and an external certified standard were used. The soil from each pot was mixed evenly and 200 g of soil was sampled and air-dried for analysis of soil pH and Cr availability. Soil pH (soil–water ratio, 1:2.5, w/v) was determined using a pH meter. The available Cr concentration was determined using FAAS after extraction using an EDTA solution [27]. Soil Cr(VI) concentration was determined using the 1,5-diphenylcarbazide spectrophotometric method (GB/T 15555.4-1995). The quantification limit of FAAS was 0.005 mg/L.




2.5. Data Analysis


The total uptake of Cr (mg) by the plant tissues was calculated by the product of plant dry weights and element concentrations in the plant tissues. The bioconcentration factor (BCF) was obtained by calculating the ratio of Cr concentration in plant tissues and soil total Cr concentration. The translocation factor (TF) was calculated to measure the degree of translocation of Cr from the roots to aerial parts.


BCF = Cr concentration in shoots or roots/Total Cr concentration in soil



(1)






TF = Cr concentration in shoots/Cr concentration in roots



(2)







The data were submitted to Excel 2010 and SPSS 19.0 for analysis. The results were presented as mean ± standard deviation (SD). A one-way ANOVA followed by a Duncan’s multiple range test (p < 0.05) were used to compare the significance of difference. Two-way ANOVA was used to analyze the main effect and the interactions between the Cr addition level and biochar dose.





3. Results


3.1. Plant Growth


Irrespective of the biochar amendment, the addition of Cr significantly decreased the shoot and root dry weights of sunflower (Figure 1). The seedlings died soon after emergence at 250 mg/kg Cr addition level with 0 or 0.1% biochar (Figure S1). At 50 mg/kg Cr addition level, biochar did not significantly affect plant growth at 0.1%, but greatly improved both shoot and root dry weights and plant height at 1% and 5%. At 250 mg/kg Cr addition level, 5% biochar resulted in higher shoot and root dry weights and plant height than 1% biochar, whereas 0.1% biochar did not successfully help seedlings to survive. The two-way ANOVA results showed significant independent and interactive effects of Cr and biochar on both dry weights and height (Figure 1).




3.2. Plant Nutrients


Overall, Cr addition negatively affected shoot and root N, P, and K uptake (Table 1). The most pronounced decrease was observed in shoot and root K uptake. In most cases, biochar increased plant N, P, and K uptake, particularly at 1% and 5% doses. At 50 mg/kg Cr addition level, shoot and root K uptake in the plants with 1% and 5% biochar increased by 1.6–2.1 and 21.8–23.4 times, respectively, compared to non-amendment. At 250 mg/kg Cr addition level, 5% biochar resulted in higher shoot and root N and K uptake but lower root P uptake than 1% biochar. As for nutrient concentrations (%), when 50 mg/kg Cr was added, amendment with 1% and 5% biochar generally decreased root P concentration but increased root K concentration (Table S1). There were significant independent and interactive effects of Cr and biochar on N, P, and K concentrations and uptake in both shoots and roots.




3.3. Plant Cr Concentration and Uptake


Cr addition significantly increased Cr concentrations in plants, particularly in the roots (Table 2). In the treatments with 50 mg/kg Cr(VI) and no biochar, shoot and root Cr concentrations increased by 3.4 and 33 times, respectively, compared to the plants without Cr addition. At 50 mg/kg Cr addition level, in most cases, the biochar amendment caused remarkable reductions in shoot and root Cr concentrations, which gradually decreased with increasing biochar doses. Compared to non-amendment, 1% biochar caused 75% and 76% less Cr concentration in shoots and roots, respectively, and 5% biochar caused 86% and 81% reduction, respectively.



Amendment with 1% and 5% biochar decreased shoot and root Cr uptake (Table 2). At 250 mg/kg Cr addition level, 5% biochar resulted in lower shoot and root Cr concentration and uptake than 1% biochar. Cr and biochar showed significant independent and interactive effects on both Cr concentration and uptake in both shoots and roots (Table 2).




3.4. Bioconcentration and Translocation of Cr in Plants


Cr addition significantly increased the BCF, particularly in the roots (Table 3). In the treatments with 50 mg/kg Cr and no biochar, the BCF of Cr in shoots and roots increased by 1.5 and 24 times, respectively, compared to the plants without Cr addition. At 50 mg/kg Cr addition level, in most cases, the biochar amendment significantly decreased the BCF of Cr in shoots and roots, which gradually decreased with increasing biochar doses. At 50 and 250 mg/kg Cr addition levels, plants with 5% biochar had a lower BCF in shoots and roots than those with 1% biochar. Significant independent and interactive effects of Cr and biochar were observed on the BCF in both shoots and roots (Table 3).



Overall, the TF decreased with increasing Cr addition levels (Table 3). When no Cr was added, the F was decreased with increasing biochar doses. When 50 mg/kg Cr was added, biochar did not significantly change the TF. When 250 mg/kg Cr was added, the surviving plants had the lowest TF.




3.5. Soil Available Cr and Cr(VI) Concentrations


Both soil available Cr and Cr(VI) concentrations were increased with increasing Cr addition levels (Table 4). Biochar amendment decreased the available Cr and Cr(VI) concentrations in the soil added with 250 mg/kg Cr, but did not show significant effects in the soil added with 0 and 50 mg/kg Cr. The two-way ANOVA results showed significant interactive effects on them between the Cr addition level and biochar dose (Table 4).




3.6. Soil pH


Cr addition did not affect the pH of the soil without the biochar amendment, but 250 mg/kg Cr(VI) increased soil pH when biochar was applied (Figure 2). In the soil added with 0 and 50 mg/kg Cr(VI), the biochar amendment had no significant effect on soil pH at 0.1% and 1% doses but decreased it at a 5% dose. When 250 mg/kg Cr(VI) was added, 0.1% and 1% biochar increased soil pH, and a 1% dose produced a more pronounced effect.





4. Discussion


Cr is not an essential element required by plants. Excessive Cr, particularly Cr(VI), can cause a series of toxicity symptoms, including inhibited plant growth and development, biomass, induction of leaf chlorosis and necrosis, and physiochemical alterations (e.g., poor nutrition) [28]. Our present study confirmed the high toxicity of Cr(VI); 50 mg/kg Cr greatly inhibited plant growth and 250 mg/kg Cr caused seedlings to die. The first explanation can be ascribed to the uptake and accumulation of Cr in the oil sunflower. Generally, Cr is mainly accumulated in the roots which inhibits root growth and activity and further affects nutrient uptake and transportation to aerial parts, thereby inhibiting shoot growth [28]. Conspicuously, much lower root K concentrations were observed in some plants exposed to 50 and 250 mg/kg. Putatively, K deficiency may be another main cause of poor plant growth and seedling death induced by Cr. Cr(VI) can inhibit K+ uptake by maize root via interfering with the proton (H+) translocating mechanism [29]. Cr(III) can also inhibit the uptake of K+ in mash bean roots [30]. In addition, Cr has been widely confirmed to interfere with the uptake of various macronutrients (N, P, Ca, Mg, and S) and micronutrients (Fe, Mn, Cu, and Zn) [28,31]. We also found lower shoot P concentrations in the plants that received 50 mg/kg Cr. Although other nutrients were not determined, they are likely to be inhibited due to decreased root biomass by Cr.



The most striking finding of our current study is that biochar effectively decreased Cr phytotoxicity in oil sunflower plants (Figure 1, Table 2). The plants that received biochar had better plant growth and survival in the soil polluted with Cr(VI). The benefits of biochar in soil–plant systems have been widely confirmed, including improved soil fertility and conditions, and better plant performance [15,32]. For heavy metal-polluted soil, biochar is evidenced to immobilize toxic metals including Cr via a range of mechanisms, such as adsorption, complexation, and precipitation, resulting in decreased bioavailability and uptake in plants [6,33]. Here, we observed that biochar decreased soil available Cr and Cr(VI) concentrations, and Cr accumulation in sunflower. Particularly, shoot Cr concentrations under 1% and 5% biochar amendment reached a normal range similar to non-polluted conditions (Table 2). These facts indicate that biochar can facilitate the immobilization and reduction of Cr(VI), which is in accordance with previous results [11,12,34]. Cr(VI) can be reduced to Cr(III) by the functional groups of biochar [35]. Zhong et al. [36] found that the –OH and –NH3 groups played a prominent role in electron donation, resulting in Cr(VI) reduction. Environmental persistent free radicals (EPFRs) on biochar can also participate in reducing Cr(VI) to Cr(III) [37]. In addition, sufficient nutrients are required for plants’ survival and growth under contamination conditions. The second reason for decreased phytotoxicity can be ascribed to better plant nutrition improved by biochar. One example is that biochar can help roots maintain a normal K concentration, which was severely disturbed by excessive Cr (Table S1). This is in accordance with many previous studies [38].



Another important finding is that the amelioration effects of biochar display a dose-dependent manner. Overall, 0.1% only showed some benefits for soil Cr immobilization, but not for plant growth, even under non-polluted conditions. In the soil with 50 mg/kg Cr(VI), 1% and 5% biochar produced similar benefits, whereas 5% biochar had better effects than a 1% dose at 250 mg/kg Cr addition level. Similar to our previous studies using soil polluted with Cd, Pb, and Zn [39,40], our current results evidence that 0.1% biochar is too low to remediate current Cr-polluted soils. In the soil with 50 mg/kg Cr(VI), 1% biochar was effective to reduce Cr phytotoxicity, but plant dry weights were not comparable to those under non-polluted conditions which implies a dose higher than 1% may be better. However, 5% biochar produced even lower root dry weights than 1% biochar, which indicates that 5% is too high for the remediation of 50 mg/kg Cr(VI). Sometimes, biochar may contain toxic substances, such as polycyclic aromatic hydrocarbons and heavy metals [41,42,43,44], which may negatively affect plants and soil biota. Differently, in the soil with severe Cr(VI) pollution (e.g., 250 mg/kg Cr(VI)), 5% biochar produced more positive effects on plant growth and soil Cr immobilization, suggesting that it is necessary to use a high dose of biochar to remediate severely Cr-polluted soil. In a word, in a Cr-remediation program using biochar, both pollution degree and biochar dosage should be clarified.



Soil pH represents a key factor controlling Cr speciation, availability, and toxicity [2]. Because biochar is typically an alkaline material, the liming effect generally represents one of the most important mechanisms for the stabilization of heavy metals, especially in acidic soils [6,45]. Given that this study used an alkaline soil (pH 8.46) and biochar with a neutral pH (7.3), it is understandable that the biochar amendment did not increase but rather decreased the pH in the soil with 0 and 50 mg/kg Cr(VI). The liming effect is unlikely to be the main mechanism underlying biochar remediation of Cr(VI) in the present study. However, at 250 mg/kg Cr addition level, soil pH was significantly increased by the biochar amendment, particularly by 1% biochar. Soil pH is mediated by biochar and the redox of Cr. The reduction of Cr(VI) to Cr(III), which reacts strongly in the soil with 250 mg/kg Cr(VI), consumes H+ (Equation (3)), leading to a higher soil pH. Biochar amendment may increase soil pH via stimulating Cr(VI) reduction. Compared to the soil pH (8.46) before plant culture, Cr pollution and plant growth decreased soil pH, but was further mediated by biochar. The interactive effects of biochar and Cr(VI) can explain their complex impact on the pH of the soil with severe Cr(VI) pollution.


Cr2O72− + 14H+ + 6e− →2Cr3+ + 7H2O



(3)







Sunflower as a bioenergy crop has been highly recommended for the phytoremediation of heavy metal-polluted soils with additional advantages (biomass and oil) [46,47,48]. Our present results show that biochar amendment not only facilitated the stabilization of Cr, but also decreased BCF of Cr in shoots and roots of sunflower in Cr-polluted soil, indicating that biochar has a promising application in assisting the phytostabilization of Cr. Furthermore, only sunflowers with the biochar amendment survived in severely Cr(VI)-polluted soil, suggesting a potential of biochar for revegetation and ecological restoration. At 50 and 250 mg/kg Cr addition levels, shoot Cr concentrations after biochar amendment reached a normal range under non-Cr pollution. Due to its low TF, Cr accumulates mainly in sunflower roots but transports difficultly to aerial parts, resulting in a much lower concentration in the seeds than in the roots and shoots [49]. In summary, biochar can be considered an effective tool for the safe production of sunflower oil and biomass in Cr-polluted soils for human and animal consumption. In future, long-term field experiments are needed to explore the effects of biochar under varied environmental conditions.




5. Conclusions


Overall, Cr(VI) pollution provoked a dose-dependent phytotoxicity in sunflower. Biochar amendment not only facilitated Cr(VI) immobilization and reduction, but also improved plant nutrition (particularly K), thus mitigating Cr accumulation and toxicity in plants. However, the effects of biochar were highly dependent on Cr(VI) pollution level and biochar dose. For the soil with 50 mg/kg Cr(VI), a 1% dose was as effective as a 5% dose for improving plant growth and nutrition, reducing tissue Cr content, and enhancing soil Cr(VI) immobilization, but as for the soil with 250 mg/kg Cr(VI), a 5% dose produced much better benefits. Particularly, the biochar amendment even decreased shoot Cr concentrations to a normal range under non-pollution conditions. Our results show that biochar can be employed as an effective amendment for the remediation of Cr(VI)-polluted soils and the safe production of sunflower soil and biomass, but the dose of biochar should be selected according to the pollution degree of Cr(VI).
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Figure 1. Effects of biochar on shoot (A) and root (B) dry weights and plant height (C) of oil sunflower seedlings in different Cr treatments. Cr0, Cr50, and Cr250 represent the treatments added with 0, 50, and 250 mg/kg Cr(VI), respectively. The numbers below X-axis (0, 0.1%, 1%, and 5%) represent biochar doses. Data are shown in mean ± SD. Different letters above the bars indicate significant differences among all the treatments using a one-way ANOVA followed by a Duncan’s multiple range test (p < 0.05). Significance level: * p < 0.01. 






Figure 1. Effects of biochar on shoot (A) and root (B) dry weights and plant height (C) of oil sunflower seedlings in different Cr treatments. Cr0, Cr50, and Cr250 represent the treatments added with 0, 50, and 250 mg/kg Cr(VI), respectively. The numbers below X-axis (0, 0.1%, 1%, and 5%) represent biochar doses. Data are shown in mean ± SD. Different letters above the bars indicate significant differences among all the treatments using a one-way ANOVA followed by a Duncan’s multiple range test (p < 0.05). Significance level: * p < 0.01.



[image: Toxics 11 00787 g001]







[image: Toxics 11 00787 g002] 





Figure 2. Effects of biochar on soil pH after harvesting oil sunflower seedlings in different Cr treatments. Cr0, Cr50, and Cr250 represent the treatments added with 0, 50, and 250 mg/kg Cr(VI), respectively. The numbers below X-axis (0, 0.1%, 1%, and 5%) represent biochar doses. Data are shown in mean ± SD. Different letters above the bars indicate significant differences among all the treatments using a one-way ANOVA followed by a Duncan’s multiple range test (p < 0.05). Significance level: * p < 0.01. 
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Table 1. Effects of biochar on N, P, and K uptake in oil sunflower seedlings in different Cr treatments.
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Cr

(mg/kg)

	
Biochar

	
N Uptake (mg)

	
P Uptake (mg)

	
K Uptake (mg)




	
Shoot

	
Root

	
Shoot

	
Root

	
Shoot

	
Root






	
0

	
0

	
35.74 (4.82) c

	
9.30 (1.06) c

	
16.77 (1.61) c

	
5.45 (0.79) b

	
67.88 (6.42) b

	
32.65 (2.37) a




	

	
0.1%

	
35.26 (7.08) c

	
9.26 (2.32) c

	
15.45 (1.92) c

	
5.47 (1.21) b

	
62.73 (5.46) b

	
32.13 (4.91) a




	

	
1%

	
47.89 (2.58) b

	
13.72 (1.82) a

	
24.65 (4.63) a

	
7.22 (1.13) a

	
117.33 (22.98) a

	
34.11 (2.55) a




	

	
5%

	
64.28 (3.02) a

	
14.06 (1.48) a

	
22.08 (2.95) b

	
3.63 (0.65) c

	
108.55 (9.87) a

	
19.52 (2.07) b




	
50

	
0

	
22.58 (3.98) d

	
4.89 (1.28) d

	
5.01 (0.66) g

	
2.31 (0.72) d

	
24.82 (4.22) c

	
0.35 (0.17) d




	

	
0.1%

	
28.80 (2.59) d

	
4.69 (0.53) d

	
7.35 (0.67) fg

	
2.59 (0.28) d

	
36.06 (3.30) c

	
0.39 (0.03) d




	

	
1%

	
37.24 (5.78) c

	
12.15 (1.05) b

	
9.39 (1.16) ef

	
3.68 (0.63) c

	
64.63 (6.48) b

	
8.53 (1.01) c




	

	
5%

	
49.88 (6.88) b

	
8.73 (0.77) c

	
12.62 (1.96) d

	
2.76 (0.37) cd

	
76.04 (8.30) b

	
7.97 (1.44) c




	
250

	
0

	
—

	
—

	
—

	
—

	
—

	
—




	

	
0.1%

	
—

	
—

	
—

	
—

	
—

	
—




	

	
1%

	
25.27 (0.27) d

	
5.54 (1.84) d

	
10.16 (0.05) de

	
3.65 (1.26) c

	
23.19 (6.27) c

	
0.66 (0.21) d




	

	
5%

	
49.02 (5.79) b

	
8.31 (1.09) c

	
11.25 (0.96) de

	
2.23 (0.21) d

	
70.38 (9.36) b

	
7.54 (1.37) c




	
Two-way ANOVA

	
Cr

	
167.99 *

	
239.54 *

	
291.49 *

	
158.96 *

	
222.67 *

	
1853.19 *




	
Biochar

	
177.56 *

	
119.08 *

	
74.12 *

	
33.70 *

	
109.36 *

	
16.59 *




	
Cr × Biochar

	
9.86 *

	
7.51 *

	
6.29 *

	
10.99 *

	
7.73 *

	
71.08 *








— means no data because seedlings died in these treatments. Different letters in the same column mean significant differences among all the treatments at p < 0.05. Significance level: * p < 0.01.













 





Table 2. Effects of biochar on Cr concentrations and uptake in oil sunflower seedlings in different Cr treatments.
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Cr (mg/kg)

	
Biochar

	
Cr Conc. (mg/kg)

	
Cr Uptake (mg/pot)




	
Shoot

	
Root

	
Shoot

	
Root






	
0

	
0

	
35.54 (1.78) c

	
24.50 (12.83) e

	
0.07 (0.00) d

	
0.01 (0.00) d




	

	
0.1%

	
39.99 (3.04) c

	
25.44 (2.83) e

	
0.08 (0.01) d

	
0.02 (0.00) d




	

	
1%

	
34.29 (2.03) c

	
28.19 (1.55) e

	
0.10 (0.00) c

	
0.03 (0.00) d




	

	
5%

	
31.72 (2.41) c

	
41.80 (4.83) e

	
0.08 (0.01) d

	
0.02 (0.00) d




	
50

	
0

	
157.63 (49.83) b

	
832.16 (51.61) b

	
0.17 (0.05) a

	
0.13 (0.02) b




	

	
0.1%

	
143.82 (8.72) b

	
556.83 (117.77) c

	
0.16 (0.02) a

	
0.13 (0.03) b




	

	
1%

	
39.74 (4.19) c

	
198.66 (13.12) d

	
0.06 (0.01) de

	
0.08 (0.02) c




	

	
5%

	
22.09 (0.84) c

	
161.99 (24.91) d

	
0.05 (0.01) e

	
0.06 (0.01) c




	
250

	
0

	
—

	
—

	
—

	
—




	

	
0.1%

	
—

	
—

	
—

	
—




	

	
1%

	
197.20 (18.48) a

	
2436.75 (206.66) a

	
0.13 (0.03) b

	
0.39 (0.14) a




	

	
5%

	
24.66 (3.14) c

	
160.21 (32.71) d

	
0.04 (0.01) e

	
0.12 (0.01) b




	
Two-way ANOVA

	
Cr

	
81.96 *

	
895.38 *

	
99.55 *

	
79.55 *




	
Biochar

	
54.35 *

	
831.75 *

	
16.86 *

	
59.87 *




	
Cr × Biochar

	
154.16 *

	
1309.24 *

	
76.14 *

	
81.24 *








— means no data because seedlings died in these treatments. Different letters in the same column mean significant differences among all the treatments at p < 0.05. Significance level: * p < 0.01.













 





Table 3. Effects of biochar on BCF and TF of Cr in oil sunflower seedlings in different Cr treatments.
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Cr (mg/kg)

	
Biochar

	
BCF

	
TF




	
Shoot

	
Root






	
0

	
0

	
0.55 (0.03) b

	
0.29 (0.11) fg

	
2.33 (0.21) a




	

	
0.1%

	
0.61 (0.05) b

	
0.39 (0.04) f

	
1.60 (0.26) b




	

	
1%

	
0.53 (0.03) b

	
0.43 (0.02) f

	
1.22 (0.07) c




	

	
5%

	
0.49 (0.04) bc

	
0.64 (0.07) f

	
0.83 (0.09) d




	
50

	
0

	
1.37 (0.43) a

	
7.24 (0.45) b

	
0.16 (0.02) e




	

	
0.1%

	
1.25 (0.08) a

	
4.84 (1.02) c

	
0.15 (0.01) e




	

	
1%

	
0.35 (0.04) c

	
1.73 (0.11) d

	
0.19 (0.01) e




	

	
5%

	
0.19 (0.01) d

	
1.41 (0.22) de

	
0.15 (0.00) e




	
250

	
0

	
—

	
—

	
—




	

	
0.1%

	
—

	
—

	
—




	

	
1%

	
0.63 (0.06) b

	
7.74 (0.66) a

	
0.08 (0.00) ef




	

	
5%

	
0.08 (0.01) de

	
1.20 (0.25) e

	
0.06 (0.00) ef




	
Two-way ANOVA

	
Cr

	
140.33 *

	
834.24 *

	
1632.55 *




	
Biochar

	
35.04 *

	
202.46 *

	
76.86 *




	
Cr × Biochar

	
67.48 *

	
687.51 *

	
89.66 *








— means no data because seedlings died in these treatments. Different letters in the same column mean significant differences among all the treatments at p < 0.05. Significance level: * p < 0.01.













 





Table 4. Effects of biochar on soil available Cr and Cr(VI) concentrations in different Cr treatments.
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Cr (mg/kg)

	
Biochar

	
Available Cr Conc. (mg/kg)

	
Cr(VI) Conc. (mg/kg)






	
0

	
0

	
0.61 (0.02) f

	
0.68 (0.08) f




	

	
0.1%

	
0.28 (0.04) f

	
0.85 (0.13) f




	

	
1%

	
0.49 (0.05) f

	
1.40 (0.22) f




	

	
5%

	
0.75 (0.05) f

	
1.51 (0.21) f




	
50

	
0

	
5.71 (0.16) e

	
8.12 (0.73) e




	

	
0.1%

	
4.56 (0.25) e

	
9.25 (0.23) e




	

	
1%

	
4.27 (0.09) e

	
10.86 (0.81) e




	

	
5%

	
4.49 (0.18) e

	
9.82 (0.75) e




	
250

	
0

	
103.64 (7.49) a

	
91.54 (2.84) a




	

	
0.1%

	
96.44 (2.70) b

	
85.94 (9.28) b




	

	
1%

	
31.22 (1.49) c

	
46.55 (1.97) c




	

	
5%

	
27.58 (2.69) d

	
37.25 (2.91) d




	
Two-way ANOVA

	
Cr

	
6718.44 *

	
2112.20 *




	
Biochar

	
740.49 *

	
98.28 *




	
Cr × Biochar

	
720.72 *

	
113.93 *








Different letters in the same column mean significant differences among all the treatments at p < 0.05. Significance level: * p < 0.01.
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