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Abstract: Antimony trioxide (Sb2O3) is a widely used chemical that can be emitted to soil. The fate and toxicity of this poorly soluble compound in soil is insufficiently known. A silt-loam soil (pH 7.0, background 0.005 mmol Sb kg-1) was amended with Sb2O3 at various concentrations. More than 70% of Sb in soil solution was present as Sb(V) (antimonate) within 2 days. The soil solution Sb concentrations gradually increased between 2-35 days after Sb2O3 amendment but were always below that of soils amended with the more soluble SbCl3 at the lower Sb concentrations. The soil solution Sb concentrations in freshly amended SbCl3 soils (7 days equilibration) were equivalent to those in Sb2O3-amended soils equilibrated for 5 years at equivalent total soil Sb. Our data indicate that the Sb solubility in this soil was controlled by a combination of sorption on the soil surface, Sb precipitation at the higher doses and slow dissolution of Sb2O3, the latter being modeled with a half-life ranging between 50 and 250 days. Toxicity of Sb to plant growth (root elongation of barley, shoot biomass of lettuce) or to nitrification was found in soil equilibrated with Sb2O3 (up to 82 mmol Sb kg-1) for 31 weeks with 10% inhibition values at soil solution Sb concentrations of 110 µM Sb or above. These concentrations are equivalent to 4.2 mmol Sb per kg soil (510 mg Sb kg-1) at complete dissolution of Sb2O3 in this soil. No toxicity to plant growth or nitrification was evident in toxicity tests starting one week after soil amendment with Sb2O3, whereas clear toxicity was found in a similar test using SbCl3. However, these effects were confounded by a decrease in pH and an increase in salinity. It is concluded that the Sb(V) toxicity thresholds are over 100-fold larger than background concentrations in soil and that care must be taken to interpret toxicity data of soluble Sb(III) forms due to confounding factors.

One-sentence synopsis: Antimony trioxide (Sb2O3) slowly transforms into antimonate in soil. Antimonate toxicity to plants or microorganisms is found at concentrations that are >100-fold above natural background. 
Table 1. Concentrations of Sb(III) and Sb(V) in soil solution at different times after the soils were amended with 16.4 mmol Sb kg-1 as SbCl3 or Sb2O3 (standard deviation in brackets)
	Sb form
	Incubation time 

(days)
	Soil solution concentration (µmol L-1)

	
	
	Sb(III)
	Sb(V)

	SbCl3
	2
	107 (15)
	34 (4)

	
	7
	<2
	85 (-)

	
	35
	<2
	110 (2)

	Sb2O3
	2
	0.3 (0.2)
	13 (1)

	
	35
	17 (4)
	45 (5)


Table 2. Toxicity thresholds of Sb in soil aged for 31 weeks after addition of Sb2O3 up to 82 mmol kg-1, expressed as measured concentrations in soil or soil solution for plants or nitrification according to standard toxicity tests. The 95% confidence intervals of the EC10 and EC50 values are given in brackets (Experiment 4)
	
	Total Sb in soil (mmol Sb kg-1 dry weight)
	
	Soil solution Sb (µmol L-1)

	Endpoint
	NOEC
	EC10
	EC50
	
	NOEC
	EC10
	EC50

	Barley root elongation
	8.2
	16 (9-28)
	56 (45-72)
	
	80
	110 (70-180)
	320 (26->440)

	Potential nitrification rate
	24
	nd
	>82
	
	150
	nd
	>440

	Lettuce shoot yield
	24
	37 (7->82)
	62 (27->82)
	
	150
	240 (40->440)
	340 (16->440)


nd= not determinable (poor curve fitting)
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Figure 1. Soil solution concentration of Sb in SbCl3- or Sb2O3-amended soils (8.2 mmol Sb kg-1) at different times after soil contamination (experiment 1). Means ( standard deviations (vertical lines), n=3. The dotted line shows the predicted transformation rate (first-order rate constant k= 0.007 d-1)
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Figure 2. Soil pH and soil solution Ca concentrations in SbCl3- or Sb2O3-amended soil at 5 weeks after soil contamination (experiment 1).
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Figure 3. Soil solution Sb concentrations in the Sb-amended soil samples (experiments 1-3). Closed and open symbols show the results for the SbCl3- and Sb2O3-amended soils, respectively. The lines represent predicted soil solution Sb concentrations for SbCl3 (full line) and Sb2O3 (broken lines) at different times after amendment as indicated next to the lines. Predictions are based on a Kd of 38 L kg-1, logKsp for Ca[Sb(OH)6]2 of -9.8 and a half-life for Sb2O3 dissolution between 50 and 250 days depending on the Sb dose.
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Figure 4. Dose-response relationship from barley root elongation (top), potential nitrification rate (PNR, middle) and lettuce shoot yield (bottom) in soils amended with Sb2O3 and aged outdoors for 31 weeks. Full lines show response curves (no fit possible for PNR data) and arrow show the highest no observed effect concentrations (NOEC’s). Data of experiment 4. 

SUPPORTING INFORMATION

Soil amendment with Sb2O3 up to 16 mmol Sb kg-1 did not affect any of the bioassays in experiment 3 (Table S1). In contrast, addition of the more soluble SbCl3 one week before the start of the bioassays significantly affected all endpoints. Salinity could explain the effects on lettuce shoot yield, since spiking the soil with CaCl2 to identical chloride concentrations as in SbCl3-amended soils had an identical effect (Fig. S1). The EC50 values for lettuce based on electrical conductivity of a saturated paste extract were similar for SbCl3- or CaCl2-amended soils (EC50 6.1 and 7.0 dS m-1, respectively). The EC50 based on electrical conductivity for the nitrification assay (PNR) was significantly smaller for the SbCl3-amended soils (EC50: 4.2 dS m-1) than for the CaCl2-amended soils (EC50: 19.6 dS m-1), indicating that Sb had a toxic effect on nitrification or that indirect factors related to the SbCl3 amendment (e.g. lower pH) affected the nitrification. 

Shoot Sb concentrations (mmol kg-1 dry weigh) were determined in HNO3 digests of plants sampled after the toxicity test (experiment 3). Antimony concentration in lettuce shoots ranged from <0.002 mmol kg-1 dry weight (detection limit) to 0.2 mmol Sb kg-1 for the lettuce grown in the 8.2 mmol Sb kg-1 SbCl3 treatment. The Sb concentrations in the lettuce shoots were larger in SbCl3-amended soils compared to Sb2O3-amended soils at equivalent total Sb concentrations (Fig. S2 A). However, shoot concentrations corresponded well for SbCl3- and Sb2O3-amended soils at equivalent soil solution Sb concentrations (Fig S2 B).
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Figure S1. Dose-response relationship of lettuce shoot yield in soils amended with Sb compounds or CaCl2 and equilibrated 1 week prior to starting. The CaCl2 was dosed to identical Cl as in corresponding SbCl3-amended soils. Full lines are log-logistic dose response curves fitted to the data (experiment 3).

Table S1. Toxicity thresholds with 95% confidence interval in brackets based on added Sb concentrations or electrical conductivity (in a saturated soil paste) for the various endpoints tested in the freshly Sb2O3-, SbCl3- or CaCl2-amended soil and equilibrated for 1 week before starting the bioassays (Experiment 3). 

	Amendment
	Sb concentration in soil
	
	electrical conductivity

	and endpoint
	EC10
	EC50
	
	EC10
	EC50

	
	mmol Sb added kg-1 a
	
	dS m-1 25 ºC

	Sb2O3
	
	
	
	
	
	
	
	
	

	all endpoints
	> 16
	
	> 16
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	SbCl3
	
	
	
	
	
	
	
	
	

	nitrification: PNR
	1.0
	(0.7-1.4)
	3.6
	(3.0-4.0)
	
	1.8
	(1.6-2.2)
	4.2
	(3.8-4.8)

	lettuce shoot yield
	2.6
	(2.0-3.5)
	5.3
	(4.7-6.1)
	
	3.5
	(2.9-4.4)
	6.1
	(5.4-6.8)

	
	
	
	
	
	
	
	
	
	

	CaCl2
	
	
	
	
	
	
	
	
	

	nitrification: PNR
	
	
	
	
	
	5.1
	(2.6-12.6)
	19.6
	(13.5-29.0)

	lettuce shoot yield
	
	
	
	
	
	4.1
	(3.5-4.8)
	7.0
	(6.5-7.5)


a Total Sb of control soil is 0.005 mmol kg-1.
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Figure S2. Relationship between A) total soil Sb concentration or B) soil solution Sb concentration and lettuce shoot Sb concentration for Sb2O3- and SbCl3-amended soils.
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