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track NO3
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triplicate data and are plotted with ±1 standard deviation. ............................................... 49 
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1.) ABSTRACT 

Antimony is a toxic element with increasing use in society and is therefore an 

increasingly pervasive anthropogenic pollutant. Antimony is a metalloid with properties similar 

to arsenic where behavior in the environment and toxicity is dependent on oxidation state. 

Microbial influences on antimony mobility and fate in the natural environment are poorly 

understood. In this study, batch oxidation and reduction experiments were conducted, with 

different microbial communities, to evaluate the redox transformation of antimony in controlled 

environments to better understand biologically mediated modifications of antimony. In the 

process, a new colorimetric method was developed to qualify antimonite presence and 

concentration during the microbial batch experiments. Results suggest microbial antimonate 

reduction is a ubiquitous microbial pathway, while microbial antimonite oxidation is not. 

Interactions between antimony and sediment chemistry, sediment type, mineral content, and 

ligand complexes impact results and mobility. This report provides the first assessment of the 

ability of wastewater treatment microbes to modify antimony and informs on possible biological 

remediation pathways for antimony contaminated waste streams. 
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2.) INTRODUCTION 

Antimony is the 51st element of the periodic table as a part of the metalloid section, one 

row below arsenic, in group 15. Even though antimony is not biologically necessary and is 

considered toxic, it has many uses in society. The primary need and use for antimony is as a 

major fire retardant as antimony trioxide (Sb2O3) which is applied to many different materials for 

its flame retardant properties64. Antimony alloys strengthen metals like lead to produce 

antifriction alloys, munitions, weaponry, and batteries4, 8, 64. Because of its metalloid properties, 

antimony is used in semiconductors and electronics such as infrared detectors, circuit boards, 

diodes, and Hall-effect devices19. Antimony also has multiple uses in ceramics, glass, plastics, 

and as a mordant for pigments19. Antimony compounds even have a medicinal use against 

diseases like Leishmaniasis6.  

Antimony is a known toxicant and classified as a B2 carcinogen (no evidence in humans)  

by the U.S. Department of Health and Human Services and U.S. EPA48. While the specific 

pathways, mobility, and genotoxicity are still under investigation, the trivalent form of Sb has 

clastogenic properties similar to arsenic, where genetic material is deleted or disrupted11. Sb (III) 

is known to cause lung cancer in female rats11, 23. Plant uptake of Sb limits plant growth and 

production for certain species (e.g. lettuce and ramie plants)12. Oral ingestion and inhalation are 

the most common exposure route, and unlike arsenic, Sb (III) is not detoxified via methylation in 

mammals and is less likely to be adsorbed in the gastrointestinal tract than As23-25. The European 

Union and the United States Environmental Protection Agency consider antimony a serious 

hazard and have established MCL limits for drinking water of 5 µg/L and 6 µg/L, respectively14, 

58. Antimony (III) is reported as more toxic than Sb (V) given that Sb (III) forms an uncharged 

ligand as Sb(OH)3 in aqueous solution23, 27. Similar to arsenic, Sb toxicity depends on the form of 
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Sb present, emphasizing the crucial need to investigate microbial transformations of Sb in the 

environment and identify remediation pathways that are speciation specific23.  

Antimony consumption in the U.S. was a $251 million dollar industry in 2018 with much 

of the world’s production coming from China and Russia (Figure 1)64. Antimony production 

from mining operations have increased by more than 25% globally in the last 25 years, 

highlighting the increasing demand for Sb63, 64. Unfortunately, with increasing exploitation to 

satisfy global demand and the discarding of unrecyclable antimony-rich products, anthropogenic 

Sb pollution is on the rise making expansive antimony pollution a pressing concern, particularly 

for places like China. More effort is needed to understand the fate and mobility of Sb in the 

environment and design economic remediation methods for significantly contaminated sites. 

 

 

Antimony ranks as the 62nd most naturally abundant element with an average upper 

crustal concentration of 0.75 ±0.11 mg/kg and is present in more than 240 minerals30, 68. Pure 

antimony rarely occurs; antimony is chalcophilic, often bonding with sulfur to form antimony 

Figure 1: World production of antimony, colored by percentage of production. Country 

names provided along with metric ton amount of antimony in parentheses. Data taken from 

the USGS (2019) commodities report64. 
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sulfur minerals like metastibnite and stibnite (Sb2S3)
4. Oxidized minerals like stibiconite 

(SbSb2O6(OH) – containing both Sb (III) and (V) species) and senarmontite (Sb2O3) are 

weathering products of antimony sulfides. In fact, in this research, the chalcophilic nature of Sb 

was exploited to develop a colorimetric method for rapid screening of Sb (III) content in 

biological experiments (section 4.1).  Antimony is often associated with other chalcophilic metal 

deposits like lead, copper, gold, silver, nickel, iron, and zinc to name a few. Major sources of 

contamination are found in and around geologic and anthropogenic sources like mine sites and 

smelters43. In non-polluted waters, Sb concentration is below 1 µg/L while reported 

concentration of total Sb in contaminated waters near mine sites and smelters have been as high 

as 11,400 µg/L19, 43. Similar to water, soil concentrations are dependent on proximity to 

contamination sources. For example, contaminated soil around a military shooting range in 

Switzerland has reported Sb soil concentrations in excess of 5000 mg/kg52. Unpolluted soils 

typically contain less than 1 mg/kg48, 69.  

Antimony exists in four different oxidation states with +3 and +5 as the most common 

under biological conditions18-20. Antimony (III) is most commonly found in reducing 

environments while Sb (V) is most prevalent in oxidizing conditions20, 32. However, it is not 

uncommon to find Sb (III) and Sb (V) together in solution, suggesting alternative means to 

overcome thermodynamic stabilities13, 15, 20, 32. Presence of metal oxyhydroxides, slow redox 

kinetics, complexation, and biological activity may account for the presence of Sb (V) with Sb 

(III)9, 13. Heterogeneity in Sb species present may complicate remediation efforts.  

Antimony does not exist as a free ion in solution, instead it forms complexes with 

hydroxides and occasionally chlorides, sulfides, and organic molecules with oxygen and sulfur 

groups20. Antimony (V) and (III) in aqueous solution typically exist as ligands Sb(OH)6
- 
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(antimonate) and Sb(OH)3 (anitmonite), respectively (Figure 2)28. Unlike arsenate and 

phosphate, antimonate forms Sb(OH)6
- due to the weaker Lewis acidity and larger ionic radius of 

antimony20. Aqueous antimony sulfide species are relevant in alkaline solutions while antimony 

chloride species are only relevant in acidic solutions (pH ≤ 2)36, 56. Methylated species of Sb do 

form, such as trimethylstibine (Sb(CH3)3) and methylstibonic acid ((CH3)nSbO(OH)m), however, 

they typically account for less than 10% of total Sb in solution and little is known about their 

significance or their biological origin10, 19, 20.  Under biological conditions, microbes are likely 

interacting with the Sb (V) and (III) in the form of ligands Sb(OH)6
- and Sb(OH)3, respectively. 

 

Much of our understanding of antimony fate and transport in the environment has 

focused on abiotic processes. Antimony mobility in soil and groundwater depends on the soil 

Figure 2: A.) Common ligands of antimony in natural waters (Li et al., 2016) B.) Sb species as a 

function of pH (Herath et al., 2017) 

A. 

B. 
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type, mineral content and chemistry, redox conditions of the environment, and presence of 

organic and inorganic ligands8, 9, 28. For example, antimony (III) can be oxidized by iron (Fe3+) 

and manganese (Mn4+) oxyhydroxide minerals, excess sulfide, H2O2, and O2
9, 40, 66. Antimony 

(V), and particularly Sb (III), have strong adsorption affinities for metal oxyhydroxides and clay 

minerals, and Sb (III) readily precipitates with sulfide13, 28, 31, 69. Abundance of metal oxides and 

sulfide sources as well as redox conditions in soil will limit Sb mobility in the environment17, 29, 

31. Such properties can work in favor for combined remediation processes.  

Current methods of antimony removal from water utilize abiotic processes, and often rely 

on adsorption and/or membrane processes. Coagulation and flocculation steps at wastewater 

treatment plants can remove Sb (III) and (V)26. Both Sb (III) and (V) are best removed from 

wastewater steams with iron (III, ferric) chloride if the pH is near 6, with Sb (III) removed more 

efficiently by ferric chloride than Sb (V)26, 34, 70. Unlike As, neither Sb species is readily removed 

with aluminum sulfate or chloride in coagulation studies21, 26, 34. Pilot studies suggest ferric oxide 

coagulants also work to remove both Sb species as well as arsenic at a pH near 759. Most often 

coagulation processes are used in tandem with filtration methods, known as CF (coagulation – 

filtration). Filtration methods used can be as simple as sand bed filters to high end microfiltration 

membranes. Depending on the amount of flocs produced, an intermediate settling step may be 

necessary before filtration. Sb (III) removal by CF is not inhibited by humic acids, phosphate, 

bicarbonate, nor sulfate; however Sb (V) is inhibited by these same components62. Another, more 

tailored approach of remediation, uses iron adsorbents which rely on the same mechanism as CF 

with different facilities design with specific adsorbents that work best for influent chemistry. Iron 

based adsorbents effectively remove Sb (III) and (V) from waste streams with fast contact times 

(<10 min)16. Like CF, Sb (V) removal is pH dependent with maximum removal efficiency 
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typically between pH 3 and 5, but Sb (III) removal efficiency is not pH dependent16. The 

negative charge on Sb(OH)6
- causes electrostatic repulsion with the equally negative adsorbent; 

this repulsion is more easily overcome at lower pH for Sb (V)16.  Depending on influent 

chemistry, available iron adsorbents vary from natural, iron stained sand to tailored ZVI to 

binary metal oxides7, 16, 62. If high purity end products are needed, reverse osmosis (RO) 

membrane processes also remove Sb (V) and Sb (III) from solution; RO more efficiently 

removes Sb (V) compared to Sb (III) without a dependence on pH (unlike As)35. RO can also be 

used in tandem with CF and iron adsorption processes for optimal Sb removal50. Operating 

plants removing Sb from water streams rely on iron based adsorption, including CF, or 

membrane processes, depending on the necessary end product59, 61. Abiotic processes can be 

expensive and require intricate care and attention of facilities. Species of Sb in solution impacts 

abiotic remediation methods and efficiency. A method utilizing biological processes along with 

abiotic processes may enhance Sb removal, eliminate significant speciation variance, and down-

scale abiotic facilities which would greatly reduce operating costs.  

Some microbes, fungi, and algae are known to interact (oxidize or reduce) or tolerate Sb, 

depending on the species present28. Antimonite resistance or tolerance depends on microbial 

adaptations which block Sb entrance across the cell membrane, efflux accumulating Sb from the 

cell, utilize Sb for energy, or detoxify Sb by converting (III) to Sb (V)41. Early studies have 

mainly focused on microbes at mine sites and arsenic related cell functions. For example arsenic 

resistant microbes carrying the ArsB protein also have moderate resistance to Sb (III), 

particularly when ArsA or ATPase are also present; ArsB enhances the Sb(III)/H+ exchange, 

extruding Sb (III) from the cell with the electrochemical proton gradient18, 41, 45. However, 

research also suggests Sb utilizes different pathways in the cell compared to As where microbes 
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able to oxidize As (III), oxidize Sb (III) with different operons than those typical of As (III) 

oxidation like the aoxAB enzyme or the mrpB mutant39. In another example, a common aerobic 

arsenic oxidizing gene, aioBA, is not expressed by the presence of Sb (III)41.  In general, the 

influence microbes may have on detoxifying or precipitating antimony in natural environments is 

still poorly understood, particularly with regard to wastewater treatment facility microbes. In this 

research, biological processes are investigated as possible mechanisms for remediation.  

Unfortunately, increasing demand for antimony and its presence in common, everyday 

products has led to increasing likelihood of antimony contamination in otherwise unpolluted 

areas2, 65. Often antimony is recovered and recycled as lead alloys, mainly reused in batteries64. 

However, products coated with Sb flame retardant materials significantly reduce the likelihood 

of secondary recovery and recycling of Sb. Data on municipal waste reported average 

concentrations of 7.6 mg Sb/kg dry waste up to 42 ±2 mg/kg, mostly as flame retardant 

materials47, 65. Anthropogenic sources enrich antimony concentrations in soil and water. 

Compared to the research on arsenic, efforts to understand nuanced behavior of antimony in 

natural environments are limited, especially with regard to biological remediation options. A 

primary goal of this research is to understand the influence of microbes in the redox transforms 

of antimony to better categorize antimony behavior in a natural setting which will help future 

remediation efforts. This research provides a pathway toward Sb remediation using a two-step 

process involving a biological reduction step followed by an adsorption or precipitation 

component.  
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3.) MATERIALS AND METHODS  

3.1 Chemicals of significance 

 Antimony (III) solutions were made using potassium antimony (III) tartrate hydrate 

(C8H4K2O12Sb2 · H2O) (Sigma-Aldrich Chemical, St. Louis, MO), with an anhydrous molecular 

weight (MW) of 613.83 g/mol and a purity of 99.95%.  Antimony (V) solutions were prepared 

using potassium hexahydroxoantimonate (KSb(OH)6) (Fluka Analytical, St. Louis, MO), with 

MW = 262.90 g/mol and a purity at or above 99.0%.  Both chemicals were stored in a glass 

desiccator. Ethylenediamine tetraacetic acid, disodium salt dehydrate (C10H14N2Na2O8 · 2H2O), 

or EDTA, with MW = 372.24 g/mol and a purity of 99.9% and sulfide solutions from sodium 

sulfide nonahydrate (Na2S · 9H2O) with a molecular of 240.18 g/mol and a purity of 99.4% were 

obtained from Fisher Chemical (Fair Lawn, NJ).  

3.2 Bioassays 

Table 1: Microbial experiment medium with low/high yeast concentrations 

 

Compound Name Chemical Formula 
Desired Final 

Concentration (mg/L) 

Potassium Phosphate Dibasic K2HPO4 100 

Calcium Chloride Dihydrate CaCl2 · 2H2O 10 

Magnesium Chloride Hexahydrate MgCl2 · 6H2O 10 

Ammonium Chloride NH4Cl 100 

Sodium Bicarbonate NaHCO3 2000 

Yeast Extract Autolysed yeast cells Low: 0.5, High: 10 

Essential Trace Elements Solution *Trace Elements 0.2 (mL) 

*Trace element mixture contains (in mg/L): FeC13 · 4H2O (2000); CoCl2 · 6H2O (2000); 

MnCl2 · 4H2O (500); AlCl3 · 6H2O (90); CuCl2 · 2H2O (30); ZnCl2 (50); H3BO3 (50); 

(NH4)6Mo7O24 · 4H2O (50); Na2SeO3 · 5H2O (100); NiCl2 · 6H2O (50); EDTA (1000); 

resazurin indicator (200); HCl 36% (1 mL). 
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Two different culture media were tested and their compositions are shown in the Table 1. 

They differ only by their yeast content. All chemicals used were at or above a 99.0% purity. All 

chemicals, except the sodium bicarbonate, were mixed together with Milli-Q water. The media 

pH was adjusted to 7.0 using 1 M HCl and then the sodium bicarbonate was added to the 

mixture. 

3.3 Inoculum 

Table 2: Mixed Microbial Communities Used with Description 

Sludge 

Name 
Sludge Type 

Ave. 

VSS 

(g/L) 

Ave.  

Sulfide 

(mg/L) 

Description 

Mahou 
Anaerobic 

Granular Sludge 

6.6 – 

7.2 
-- 

Granular sludge from an up-flow sludge 

blanket reactor at the Mahou Beer Brewery in 

Guadalajara, Spain. 

Fresh RAS 

Return 

Activated 

Sludge (RAS) 

9.1 – 

13.7 
-- 

Fine-grained aerobic sludge from the Tres Rios 

Wastewater Reclamation Facility (WRF) in 

Tucson, AZ, USA. Fresh samples collected as 

needed. 

Old RAS 

RAS kept under 

anoxic 

conditions 

9.0 -- 

An old sample of RAS taken from the Tres 

Rios WRF as listed above, collected 

November 2017, but allowed to remain in the 

sample bottle for 1.5 years 

Lead Queen 

Mine Mouth 

Sediment,  

pH ~ 2-3 
-- -- 

Clay-rich sediment collected from the mouth 

of the Lead Queen Mine adit near Patagonia, 

AZ, USA. The Lead Queen was a small sulfide 

acid producing mine for Pb, Ag, Zn, Cu, and 

Au.  

Lead Queen 

Mine River 

Sediment,  

pH ~ 2-3 
-- 10.2 

River bed, coarse-grained sediment taken from 

the river flowing near the Lead Queen Mine 

adit. Acid mine drainage flows into the river.  

Upper Alum 

Gulch River 

Sediment,  

pH ~ 3-4 
-- 7.2 

River bed, medium to coarse-grained sediment 

taken from the river flowing near the (Upper) 

Alum Gulch Mine near Patagonia, AZ, USA. 

Sample location downstream from an active 

mine site. Mine interests include Pb, Ag, Zn, 

Cu, Au, and Mn deposits.  

Agua 

Caliente 

Pond 

Sediment -- 4.9 

Bottom sediments collected at the banks of a 

shallow pond associated with a historical 

perennial warm spring at the Agua Caliente 

Park in Tucson, AZ, USA.  



17 
 

 Seven different mixed microbial communities were tested for their ability to reduce Sb (V) 

and oxidize Sb (III) (Table 2). All inocula were stored at 4°C. 

3.4 Microbial Experiment Methods 

  3.4.1 Microbial reduction experiments – Sb (V) to Sb (III) 

 Microbial reduction experiments were performed in three sets of triplicates, which included 

an abiotic control set without microbes but with an electron donor (e-donor), an endogenous 

control group with microbes/inoculum but without e-donor, and a set with microbes/inoculum 

and an e-donor. The abiotic bottles were used to determine the possible reduction of Sb (V) 

and/or Sb removal that was not mediated by microorganisms. Bottles with microbes/inoculum 

but lacking an e-donor were used to compare Sb (V) reduction performance with 

microbes/inoculum provided an additional e-donor.  

 Reduction experiments occur within 160 mL borosilicate glass serum bottles. Bottles contain 

various combinations of 90 mL of medium (Table 1), a desired concentration of sludge (1.5 g 

volatile suspended solids (VSS) per liter) or 2.5 g of sediment, and 10 mL of 250 mg/L of Sb (V) 

stock solution for a desired final concentration of 25 mg/L of Sb (V). Bottles were conditioned 

for anaerobic activity, first by bubbling the liquid with 80% N2 gas and 20% CO2 gas for 3 min. 

Bottles were capped with butyl rubber septa and crimped close with aluminum seals. Then the 

headspace was flushed again for 3 min to ensure anaerobic conditions. In all reduction 

experiments, the e-donor was H2 gas. H2 was injected to 8 psi, or roughly 0.54 atm. Experiments 

begin at a pH of 7.0, and end with a pH between 6.8 and 7.0. Experiment bottles were incubated 

in an orbital shaker at 130 rpm, at 30 ±2°C. Samples of the liquid medium were taken 

periodically for total Sb and Sb speciation analysis. All samples were centrifuged at 13,000 rpm 

for 10 min to ensure no particulates were carried over with the liquid. Experiments were 
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designed such that no more than 10% of the total liquid was removed over the course of the 

experiment.  

3.4.2 Microbial oxidation experiments – Sb (III) to Sb (V) 

 Just like the reduction experiments, microbial oxidation experiments were performed in three 

sets of triplicates, which included an abiotic control set without microbes but with an electron 

acceptor (e-acceptor), an endogenous control group with microbes but without an e-acceptor, and 

a set with microbes and an e-acceptor. The abiotic controls were utilized to determine the 

possible oxidation of Sb (III) and/or removal of total Sb in the bioassays that was not mediated 

by microorganisms. Inoculated bottles lacking an e-donor were used to estimate the Sb (III) 

oxidation performance of the inoculum in the absence of an exogenous e-acceptor.  

 Oxidation experiments were conducted in 160 mL borosilicate glass serum bottles containing 

80 mL of basal medium (Table 1), 1.5 g VSS/L of sludge or 2.5 g of sediment, 10 mL of Sb (III) 

stock solution (250 mg/L) for a desired final concentration of 25 mg/L of Sb (III), and 2 mL of 

15,500 mg/L nitrate stock solution using KNO3
- for a desired concentration of 310 mg/L NO3

-. 

Nitrate was used as the electron acceptor for oxidation experiments. Bottles were then 

conditioned for anoxic activity, first by bubbling the liquid with 80% N2 gas and 20% CO2 gas 

for 3 min. Bottles were capped with butyl rubber septa and crimped close with aluminum seals. 

The headspace was flushed for 3 min to ensure anoxic conditions. Experiments begin at a pH of 

7.0, and end with a pH between 6.8 and 7.0. Experiment bottles were incubated in an orbital 

shaker at 130 rpm, at 30 ±2°C. Samples of the liquid medium were taken periodically for total 

Sb, Sb speciation analysis, and NO3
- concentrations. All samples were centrifuged at 13,000 rpm 

for 10 min to ensure no particulates were present in the liquid. Experiments were designed such 

that no more than 10% of the total liquid was removed over the course of the experiment.  
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3.5 Analytical Methods 

  3.5.1 Total antimony concentration 

 The total concentrations of soluble Sb was measured using  an inductively coupled plasma–

optical emission spectrometer (ICP–OES, Agilent Technologies 5100, Santa Clara, CA) 

instrument with a detection limit down to 50 μg/L. The ICP-OES was connected to a Teledyne 

Cetac (Omaha, NE) ASX-520 autosampler. The instrument was calibrated with each sample run 

using Sb standard concentrations 0.05, 0.1, 0.5, 1.0, 5.0 mg/L from the TraceCERT© Sigma-

Aldrich ICP Sb standard. Samples were diluted 10x by nitric acid 2% (v/v) solution while 2% 

nitric acid eluent rinses the system. Antimony concentrations were determined at the following 

wavelength 206.834, 217.582, and 231.146 nm. The strongest intensities typically corresponded 

with a wavelength of 217.582 nm. 

3.5.2 HPLC-ICP-OES antimony speciation 

 Without regular access to a liquid chromatography inductively coupled plasma-mass 

spectrometer (LC-ICP-MS) or a liquid chromatography hydride generation atomic fluorescence 

spectrometry (LC-HG-AFS), soluble concentration of Sb species (V) and (III) were measured 

using a novel approach. A high-performance liquid chromatography (HPLC) pump (Waters 

Millipore 590, Milford, MA) was connected to a manual sample injector (Rheodyne valve model 

7125, Thermo Fisher Scientific, Waltham, MA) linked to a guard column and analytical column 

which separates species of Sb for ICP-OES concentration analysis. The HPLC pump operated at 

1 mL/min, pumping 40 mM of EDTA for eluent. The sample (300 µL) was injected manually. 

The HPLC was fitted with a guard column (AG-15, 4 x 50 mm) and an analytical column (AS-

15, 4 x 250 mm) supplied by Thermo Scientific. The system was connected to the same ICP-

OES mentioned in section 3.6.1, and it operates in continuous measurement mode.  
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 Sb was monitored at three different wavelengths: 206.834, 217.582, and 231.146 nm. 

Wavelength 217.582 nm typically displayed the strongest intensity and was therefore used for 

calculating the concentration data. As the ICP-OES operated in continuous mode, intensities of 

identifiable peaks correspond to Sb (V) and Sb (III). The Sb (V) peak eluted first, between 2 and 

4 min after sample injection. The Sb (III) peak eluted later, between 4.5 and 6.5 min after sample 

injection. An internally developed Microsoft Excel spreadsheet translated the intensity and area 

under the peaks into concentration values.  

3.5.3 Nitrate analysis 

 Soluble nitrate concentrations were measured using ion chromatography (IC) with an ICS-

3000 Dionex IC (Sunnyvale, CA) instrument connected with a Dionex ICS series autosampler. 

The IC was equipped with an IonPac AS-18 column (4 x 250 mm), an IonPac AG-18 guard 

column (4 x 50 mm), and a Dionex EGC III KOH eluent generator, all from Thermo Scientific. 

The eluent was 23 mM KOH at a flow rate of 1 mL/min. The instrument was calibrated before 

each analysis with 0.625, 1.25, 2.5, 5.0, and 10 mg/L nitrate solutions. Samples from oxidation 

experiments were diluted 10x in Milli-Q water prior to analysis. 

3.5.4 Sulfide analysis 

 Sulfide concentrations were determined immediately by the methylene blue method 

discussed in Trüper and Schlegel’s (1964) publication and reference therein57. Samples for 

analysis were diluted to contain less than 1 mg/L of sulfide (0.313 mM). In a 25 mL volumetric 

flask, 5 mL of 2% zinc acetate solution with typically 1 mL of sample was diluted with Milli-Q 

water to 75% of the volume of the flask. One and a half mL of 5.5 mM solution of N,N-

dimethyl-p-phenylene diamine oxalate was added to the flask, immediately followed by 0.125 

mL of 0.21 M solution of iron (III) ammonium sulfate. Additional Milli-Q water filled the total 
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volume of the volumetric flask. The flasks were shaken then set aside for 30 min from when the 

iron (III) ammonium sulfate solution was added. After 30 min, a blue color forms indicating the 

presence of sulfide. After 60 min, the method was no longer viable as the color fades. 

 Using the Beer-Lambert Law, the absorbance of the blue color correlates to sulfide 

concentration. Using a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan), sample color 

content was measure in quartz cuvettes at a wavelength of 670nm. Color content was compared 

to a blank, which was prepared with all three reagents and Milli-Q water. The absorption was 

measure twice per sample, so the volumetric flasks must be of sufficient volume for at least two 

analyses. Twenty-five mL flasks were sufficient. The method must be calibrated each time one 

of the three added reagents was made using sulfide concentrations of 0, 0.08, 0.14, 0.36, 0.59, 

0.81, and 1.06 mg/L.   

3.6 Other Analyses 

 Other analyses - total suspended solids (TSS) and volatile suspended solids (VSS), were 

determined according to standard methods5.  

 For granular sludge, the VSS concentration was measured using the following procedure. 

Three clean and dry ceramic crucibles, free of any organic residue, were weighed. 

Approximately three grams of wet sludge was added to each crucible and weighed. The crucibles 

with the wet sludge were placed in 105°C oven overnight to remove moisture in the sludge. After 

cooling in a desiccator, the crucibles and dry sludge were weighed again. The samples were then 

placed in a muffle oven at 550°C for 3 h. After cooling in a desiccator, the crucibles and 

remaining ash were weighed a final time. The VSS content was found by subtracting the mass of 

ash from the mass of dried sludge, divided by the mass of the wet sludge.  
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 For return aerobic sludge, the TSS and VSS concentration were measured using the 

following procedure. Three dry glass fiber filters and aluminum boats were weighed. Using 

tweezers, the filter was transfer to a vacuum pump. While the vacuum pump was on, 2 mL of the 

sludge sample was taken from agitated sludge and distributed evenly on the filter. Once all the 

liquid has drained through the filter, the filter was transferred back to the aluminum dish and 

placed in a 105°C oven for 1 h. After the sample was placed in the desiccator to cool, the sample 

was weighed. TSS was equal to the dried sludge weight divided by the sample volume used. 

Then the filter was placed in a muffle oven at 550°C for 2 h. After cooling in a desiccator, the 

filter with the remaining ash was weighed a final time. The VSS content was calculated by 

subtracting the ash weight from the dried sludge weight, divided by the sample volume used.  
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4.) RESULTS AND DISCUSSION  

4.1 Colorimetric Method 

A rapid method for qualitative assessment of Sb (III) presence and estimated 

concentration in solution was developed. Speciation analysis for Sb (V) and Sb (III) is time-

consuming. This method was developed to quickly screen microbial batch experiment progress 

in the presence of Sb. The example discussed herein followed the progress of a reduction 

experiment with fresh RAS microbes in the presence of 50 mg/L of Sb (V). However, this 

method can be used for oxidation experiments as well, where the disappearance of color 

indicates the presence of more Sb (V) over Sb (III). Utilizing the low Ksp for metastibnite (Ksp 

= 1.7 x 10-97) (see equation 6a), when a concentrated sulfide solution was added to the sample, a 

yellow color from colloidal precipitates of metastibnite developed rapidly if antimonite was 

present, and color intensity increased with increased antimonite concentration. Antimonate did 

not immediately react with the sulfide solution, so no color formed with Sb (V) only. However 

results were not valid after a few hours or at lower or alkaline pH values since sulfide will reduce 

the antimonate at low pH or form stable soluble thioantimony complexes at high pH.  

Initial experiments were performed to identify the optimal sulfide concentration and pH 

value which produced the best color results. Roughly 7 mL of low yeast medium solution with 

33 mg/L of Sb (III) and pH near 7 was added to 15 mL glass vials. Sulfide solutions were also 

made in low yeast buffered medium, and experiments tested sulfide concentrations of 1.5X the 

amount of Sb (stoichiometric equivalent of sulfide in stibnite), 2X the amount of Sb, 5X the 

amount of Sb, and 10X the amount of Sb. The stoichiometric amount of sulfide produced the 

best color with the greatest precipitation and loss of Sb from solution with 3 hours between the 

Reaction Involved: 3HS- + 2Sb(OH)3  ⇌  Sb2S3 (s) + 3H2O (6a) 
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initial concentration and final concentration samples (Figure 3). All samples were collect and 

centrifuged at 13,000 rpm for 10 min to ensure no solids were extracted for total ICP-OES 

analysis. Using 1.5X of Sb for the sulfide concentration, pH values were tested in the same 

manner from pH values 2 to 9. At low pH <5, Sb (V) also produced color, likely from abiotic 

reduction of Sb and precipitation as metastibnite. Therefore, the method is not valid at low pH. 

At high pH, soluble thioantimony species were more stable, where the sulfide formed soluble 

complexes with Sb, but did not precipitate nor form color56.  Therefore, the method is not valid 

for pH > 8.5. A more detailed pH screen was carried out between pH values 6 and 8.5. At pH 

near 6.65 to 7, 1.5X sulfide produced the maximum precipitation of Sb (III) and thus better color 

without the development of color in Sb (V) samples (Figure 4).  

  

Figure 3: Relative amounts of sulfide added to Sb (III) solution to identify optimal sulfide 

concentration (conc.) relative to Sb in solution which produced the most precipitation 

(loss) of Sb (III) from solution. A stoichiometric (stoich.) equivalent (1.5X Sb) lead to the 

most precipitation and loss of Sb (III) from solution. Experiments were conducted at pH=7 

and roughly 3 hours are between the initial concentration (stippled purple bars) and the 

final concentration (striped purple bars).  
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The colorimetric method was scaled to be completed in a 96 well plate, and visual results 

were compared against known standards to determine relative concentration of Sb (III). 

Standards of known Sb (III) and Sb (V) concentrations for 50, 35, 25, 20, 15, 10, 5, and 0 mg/L 

of Sb were made in low yeast medium for comparison. The sulfide solution concentration was 

1.5 the stoichiometric equivalent of the maximum Sb concentration expected in the sample and 

corrected for dilution. Only 0.05 mL of sulfide solution was added to the plate well, so for 

example, with an experiment containing 50 mg/L Sb, 0.05 mL of 99 mg/L of sulfide was needed 

for a final volume of 0.25 mL in the plate well. For best results, standards and sulfide solutions 

were made with the same batch of low yeast medium used for the experiment. Extra medium was 

treated just like experiment fluids. It was flushed of all oxygen, sealed in glass bottles, and 

incubated with the experiment at 30°C in the same orbital shaker. Standards were made with the 

medium after 24 hours and stored with the experiment and used as needed. Sulfide solution was 

Figure 4: Varying pH values versus Sb (III) concentration illustrating pH between 6.65 

and 7 is optimal for colorimetric method using 1.5X sulfide to produce best color via 

precipitation of metastibnite. Initial Sb concentration is stippled purple bars and the final 

concentration is striped purple bars. Roughly 3 hours are between the initial and final 

concentration values. 
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made fresh for each analysis, using the stored medium solution. The medium used a carbonate 

buffered system, so the sulfide solution was at a pH of 7, just like the medium.  

In the 96 well plate, for each analysis, 0.2 mL of the Sb (V) and (III) standards were 

pipetted into individual wells. Then, 0.3 mL of solution from the experiment bottles was 

extracted and centrifuged at 13,000 rpm for 10 minutes to ensure no particulates were carried 

over with the liquid. Then 0.2 mL of sample was pipetted into the 96 well plate. Fresh sulfide 

solution was made, and 0.05 mL of sulfide solution was added, quickly, to each well containing 

either a standard or sample. A timer was used to track time passed since adding sulfide to the 

first well. If antimonite was present, particularly at concentrations above 10 mg/L, a yellow color 

formed. No color was ever observed in the Sb (V) standards. Color intensity was compared 

against Sb (III) standards to estimate Sb (III) concentration. From the estimated concentration it 

was possible to estimate the progress of the experiment. A schematic of an example reduction 

experiment is shown in Figure 5. Color intensity increased over time as more Sb (III) was 

produced.   

This method was simple, quick, and inexpensive with good repeatability. Batch 

colorimetric methods for screening reduction and oxidation microbial processes do exist for As 

using silver nitrate, ex. Simeonova et al., (2004), but such methods do not exist for Sb53. Current 

colorimetric methods for antimony determination involve more complex chemical reactions with 

toxic materials, require additional steps, and were not designed for rapid screenings of inocula 

experiments. One method developed a yellow color with potassium iodoantimonite (KSbI4) to 

indicate total Sb in water; additional use of SPE columns were required to assess speciation 

concentrations55. The method was designed for field site analysis to detect Sb presence in water, 

particularly near mine sites or mineralized zones. Another colorimetric method utilizes reactions 
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between Sb (III) and bromopyrogallol red in the presence of cetyltrimethylammonium bromide 

and potassium iodide at pH 6.444. The method was intended for low Sb concentrations, required 

reductive steps to quantify Sb (V) concentrations, and was not scaled for small solution volumes. 

Instead, it was intended to identify Sb species in biological solutions such as blood and urine44. 

The novel method presented in this research was designed for rapid laboratory assessments to 

test progress of an experiment using 0.2 mL of sample. Many inocula can be screened for 

reduction or oxidation of Sb without relying on time-consuming speciation analysis.  

Efforts are underway to quantitatively assess Sb (III) concentrations with a microplate 

spectrophotometer using a Bio-Tek Instruments (Winooski, VT) ELx800 universal microplate 

reader. Since visual assessment limits were between 5 and 10 mg/L of Sb (III) in solution, a 

quantitative analysis was preferred, if possible, to identify lower concentrations. Unfortunately, 

the microplate reader used lacked the optimal filter for analysis. Figure 5 also highlights 

estimated Sb (III) concentration values from the microplate reader and true values from the 

speciation method, as well as the error between the two methods. Current analysis was for a 

wavelength of 405 nm, the lowest setting on the machine. However, based on spectral analysis, 

optimal analysis should be at 230 nm (Figure 6). Since the color was from colloidal precipitates, 

the optimal wavelength was outside the yellow spectrum. The Sb (III) concentrations from the 

microplate reader were corrected for background adsorption values not attributed to the turbid, 

colloidal, yellow precipitates. While the percent error was beyond 10% in most cases, there was 

a reliable trend between the speciation values and the microplate method values for Sb (III) 

concentrations (Figure 7). However, future work can improve the precision and quantitative 

assessment by using the correct filter wavelength on the microplate reader. 
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Figure 5: Schematic results from the developed colorimetric method on a 96-well plate. 

Also shown are Sb (III) concentrations from the microplate spectrophotometer compared to 

the speciation values along with the error between the two measurements. Example data 

given over the course of a reduction experiment lasting 2.69 days. 
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Figure 6: Spectral analysis from spectrophotometer for the yellow colloidal color 

formed in the colorimetric method. Star marks the wavelength limit (405 nm) of the 

microplate reader, while analysis should be run near 230 nm. 

 

Figure 7: Comparison between spectrophotometer Sb (III) concentrations and Sb (III) 

concentration from the spectrophotometer (spectro.) microplate reader method. There is good 

agreement between the two methods with an R2 = 0.923.  
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4.2 Microbial reduction experiments 

 Reduction experiments examine the ability of microbes to reduce Sb (V) to Sb (III) under 

anaerobic, biological conditions. Microbial communities tested range from those less likely to be 

exposed to Sb to those likely exposed to metals and metalloids. Performance between microbes 

were compared in order to assess the ubiquitous ability to reduce Sb (V) to Sb (III). The inocula 

tested include Mahou sludge, old return activated sludge (old RAS), fresh RAS sludge with two 

different antimony concentrations, Lead Queen Mine sediments (LQMS), Upper Alum Gulch 

Mine sediments (UAC), and Aqua Caliente Pond sediments (AC). The chemical reactions 

involved in the microbial reduction experiments are as follows. The Gibbs free energy of the 

combined reaction is ΔG°f = -591.42 kJ/mol, under standard conditions60.  

Electron donor: H2  ⇌  2H+ + 2e- (4a) 

Electron acceptor: Sb(OH)3
0 + 3H2O  ⇌  Sb(OH)6

- + 3H+ + 2e- (4b) 

Combined ½ reactions: Sb(OH)6
- + H+ + H2  ⇌  Sb(OH)3

0 + 3H2O (4c) 

4.2.1 Reduction results of Sb (V) with Mahou sludge 

 The reduction of Sb (V) and subsequent production of Sb (III) by Mahou sludge (as a 

function of time) is shown in Figure 8. Within 27 days, the microbial community reduced 25 

mg/L of Sb (V) to Sb (III) when provided a low yeast medium. There was no development in 

antimonite in abiotic control bottles. Both sets of bottles containing microbes lost antimonate and 

gained antimonite in near equal amounts. Over the entire experiment, the abiotic control set 

experienced, at most, a 5.6% loss in total Sb. The inoculum only bottles experienced a 29.8% 

loss of Sb, and the microbes supplied an electron donor had a 25.6% loss. Total antimony 

concentration from the ICP-OES measurements and those calculated from summing the 

speciation values were in close agreement, varying from 4.7% to 8.2%. A positive percentage 
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difference indicates that the speciation values underestimated the total antimony compared to the 

ICP-OES values.  

Figure 8: Reduction of Sb (V) by Mahou sludge as a function of time. Gray triangles and dashed 

line represent total Sb concentration (conc.) from ICP-OES measurements. Blue squares and solid 

blue line represent Sb (V) concentration. Purple circles with a solid purple line represent Sb (III) 

concentration. Points represent mean values from triplicate data and are plotted with ±1 standard 

deviation. 
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Since hydrogen gas did not abiotically reduce antimonate to antimonite, this indicates 

microbial communities within the Mahou sludge were capable of reducing Sb (V). In Figure 8, it 

was possible to identify three stages of growth following the Sb (III) production curve. The lag 

phase lasted from 0 to 17 days. The exponential growth phase lasted from roughly 17 days until 

22 days for the endogenous group and until 26 days for the set with H2 and microbes. The 

stationary phase enveloped the remaining time. Using the exponential data points it was possible 

to calculate an average growth rate for microbes with and without an electron donor. Shown in 

Figure 9, the natural log of d[Sb]/dt was plotted against midpoint time where the slope of the line 

was equal to the growth rate. Using the growth rate, a doubling time from 1.1 to 1.3 days was 

Figure 9: Mahou sludge reduction experiment plotting ln (rate) versus (midpoint) time. The 

slopes equal growth rate. Sb (III) concentration values in mg/L. 
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calculated for the endogenous group and microbes provided an electron donor. Interestingly, in 

this experiment, H2 gas made little impact in the transformation of Sb (V). During the most rapid 

phase of antimonite production, the volumetric loss of Sb (V) in the microbe only set was 4.92 

mg Sb (V)/L/day while the set of microbes provided H2 lost antimonate at a rate of 3.19 mg Sb 

(V)/L/day.  

4.2.2 Reduction results of Sb (V) with old RAS 

 The reduction of Sb (V) by old RAS (as a function of time) is shown in Figure 10. Within 

less than 3 days, the microbial community reduced 25 mg/L of antimonate to antimonite under 

anaerobic conditions in a low yeast medium. Like the previous experiment, the electron donor 

did not abiotically reduce antimony, however, the sets with microbes reduced antimonate to 

antimonite. Over the entire experiment, the abiotic control experienced no loss in total Sb. The 

endogenous bottles experienced a 33.1% average loss of Sb, and the electron donor with 

microbes had a 32.7% average loss of Sb. Total antimony measurements from the ICP-OES 

measurements and those calculated from summing the speciation values were in close 

agreement, varying from 1% to 4.2%. Unfortunately, not enough data points were obtained to 

determine the growth rate for the microbes nor assess the impact of the hydrogen gas as an 

effective electron donor. However, the volumetric loss of Sb (V) for the endogenous control was 

8.5 mg Sb (V)/L/day while the loss of Sb (V) for microbes provided an electron donor was 8.0 

mg Sb (V)/L/day.  
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Figure 10: Reduction of Sb (V) by old RAS sludge as a function of time. Gray triangles and dashed 

line represent total Sb concentration (conc.) from ICP-OES measurements. Blue squares and solid 

blue line represent Sb (V) concentration. Purple circles with a solid purple line represent Sb (III) 

concentration. Points represent mean values from triplicate data and are plotted with ±1 standard 

deviation. 
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4.2.3 Reduction of Sb (V) with fresh RAS 

 The reduction of Sb (V) for experiments with 25 mg/L of Sb (V) and 50 mg/L of Sb (V) 

(as a function of time) are shown in Figures 11 and 12, respectively. Each experiment used a low 

yeast medium. Within less than three days, the microbial communities were able to reduce 

antimonate to antimonite while no production of Sb (III) was observed in the abiotic control set. 

Over the entire experiment with 25 mg/L Sb (V), the abiotic control bottles did not lose any 

appreciable amounts of antimony, the inoculum only set lost an average of roughly 29.8% of 

total Sb, and the inoculum provided H2 lost approximately 29.2% total Sb on average. The 

experiment with 50 mg/L of Sb (V) lost less. The abiotic group showed no loss in Sb, and the 

endogenous control showed roughly 16.0% loss of total Sb. The H2 with the inoculum 

experienced an average 17.4% loss of Sb. Total antimony measurements from the ICP-OES 

measurements and those calculated from summing the speciation values varied from -0.8% to -

5.9% for the 25 mg/L Sb (V) experiment and from -8.2% to 0.3% for the experiment with 50 

mg/L Sb (V). A negative percentage difference indicated speciation values overestimated total 

antimony compared to the ICP-OES values.  

Unfortunately, there was not enough data points in either experiment to confidently 

calculate a growth rate for the microbial communities. However, the presence of an additional 

electron donor of H2 did enhance the rate of Sb (III) production by a day. The fastest rates of Sb 

(V) loss in the experiment with 25 mg/L Sb were 46.3 mg Sb (V)/L/day in the endogenous 

controls, and 30.3 mg Sb (V)/L/day for microbes provided H2. The rates of Sb (V) loss for the 

experiment with 50 mg/L of Sb were faster, with the endogenous controls indicating a loss of 

64.6 mg Sb (V)/L/day and the microbes with H2 indicating a rate of loss of 56.1 mg Sb 

(V)/L/day. 
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Figure 11: Reduction of Sb (V) by fresh RAS sludge as a function of time, starting with 25 

mg/L Sb (V). Gray triangles and dashed line represent total Sb concentration (conc.) from 

ICP-OES measurements. Blue squares and solid blue line represent Sb (V) concentration. 

Purple circles with a solid purple line represent Sb (III) concentration. Points represent 

mean values from triplicate data and are plotted with ±1 standard deviation. 
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Figure 12: Reduction of Sb (V) by fresh RAS sludge as a function of time, starting with 50 

mg/L Sb (V). Gray triangles and dashed line represent total Sb concentration (conc.) from 

ICP-OES measurements. Blue squares and solid blue line represent Sb (V) concentration. 

Purple circles with a solid purple line represent Sb (III) concentration. Points represent 

mean values from triplicate data and are plotted with ±1 standard deviation. 
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4.2.4 Reduction of Sb (V) with Lead Queen Mine sediments, Upper Alum 

Gulch sediments, and Agua Caliente pond sediments 

 Reduction experiments with sediments exposed to metals and metalloids were discussed 

together since each experiment only produced a net loss of Sb. Figures 13, 14, and 15 show Sb 

(V) reduction results as a function of time for Lead Queen Mine sediments (LQMS), Upper 

Alum Gulch Mine sediments (UAG), and Agua Caliente pond sediments (AC), respectively. 

Each experiment began with 25 to 28 mg/L of Sb (V) and a high yeast medium. Loss or 

transformation of Sb (V) was not observed in the abiotic controls. In these experiments, LQMS 

and UAG showed loss of Sb over 7 days, in bottles with inoculum. AC bottles experienced a loss 

of Sb (V) over roughly 28 days in the sets with inoculum. Overall, the LQMS experiment 

experienced a loss of 85.3% of total Sb in the inoculum only set and 97.5% in the set containing 

H2 and inoculum. Error between total antimony data and those tallied from speciation values for 

LQMS ranged between 8.4% and 38.5%. The UAG endogenous controls experienced a loss of 

77.5% of Sb and 94.3% of Sb in bottles with an electron donor paired with inoculum. Percent 

error between total antimony measurements in the UAG experiment varied between -0.8% and 

24.8%. The AC endogenous control bottles indicated a loss 75.4% of antimony and 73.1% loss 

of antimony in the bottles with inoculum and H2. For the AC experiment, percent error between 

total antimony from ICP-OES analysis and speciation analysis varied from 3.2% to 18.1%. 

LQMS, UAG and AC speciation data was run on the same day. Issues with column performance 

or inconsistent flow from the HPLC pump may account for the larger than 10% error between 

the ICP-OES total Sb values and those from the speciation method.  
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Figure 13: Reduction of Sb (V) by LQMS sediment as a function of time, starting with 25 

mg/L Sb (V). Blue bars represent Sb (V) concentration by day. Bars represent mean values 

from triplicate data and are plotted with ±1 standard deviation. 
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Figure 14: Reduction of Sb (V) by UAG sediment as a function of time, starting with 25 

mg/L Sb (V). Blue bars represent Sb (V) concentration by day. Bars represent mean 

values from triplicate data and are plotted with ±1 standard deviation. 
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Figure 15: Reduction of Sb (V) by AC sediment as a function of time, starting with 28 

mg/L Sb (V). Gray triangles and dashed line represent total Sb concentration (conc.) 

from ICP-OES measurements. Blue squares and solid blue line represent Sb (V) 

concentration. Purple circles with a solid purple line represent Sb (III) concentration. 

Points represent mean values from triplicate data and are plotted with ±1 standard 

deviation. 
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4.2.5 Microbial reduction experiments discussion 

  Presented in this research are the first attempts to directly use microbes from wastewater 

streams, unaccustomed to Sb, to reduce antimonate. Reduction experiment results from Mahou 

and old and fresh RAS suggest a robust and ubiquitous microbial pathway utilizing the 

antimonate to antimonite conversion for energy and growth. Efforts are in progress to enrich and 

identity the specific microorganisms involved in the transformation of antimonate in the Mahou 

sludge. Results are in agreement with previous research where virgin microbes from an 

unpolluted, suburban lake were capable of reducing antimonate under anaerobic, circumneutral 

conditions as well, further supporting a ubiquitous pathway for antimonate reduction37. The 

presence of H2 enhanced antimonite production in the fresh RAS experiments, but slightly 

inhibited Mahou activity. The difference suggested a variation in microbial communities38. Other 

electron donors, such as pyruvate, acetate, and lactate should be investigated since electron 

donors impact microbial diversity38. And, other studies with microbes exposed to mine sediments 

under anaerobic, circumneutral conditions, found that performance to reduce antimonate varied 

with lactate or H2 as the electron donor supplied38. While H2 is prevalent in municipal 

wastewater streams from the fermentation process and acetogenesis, the microbes used in these 

experiments are also capable of utilizing more prevalent carbon sources for energy. This is 

particularly true for Mahou sludge which came from a brewery with a less varied waste stream of 

carbon sources. This may be the reason H2 slightly inhibited rates of reduction. RAS microbes 

are likely faster at reducing antimonate and more readily use H2 since the municipal waste 

stream they are sources from is more varied in composition.  

The specific pathways and all enzymes involved in antimony use within a cell are still 

under investigation41. Some studies have identified possible pathways utilizing antimonate as a 
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terminal electron acceptor for anaerobic respiration1, 37, 41. In one study, enriched microbes from 

sediments from Mono Lake, CA, under neutral, anaerobic conditions, supplied lactate, were able 

to reduce antimonate and form crystalline antimony oxide (S2O3) with Sb (III) produced via 

reduction1, 37, 41. In the experiments presented in this research, no colloidal white precipitates 

were recognized in the experiment bottles. However, experiments reported herein were not 

experiments with enrichment cultures nor did they likely contain that particular strain reported 

(strain MLFW-2 from the order Bacillales)1. Alternatively, antimonite remaining in solution may 

indicate Sb2O3 precipitation was a rate limiting step or only minor precipitates formed as 

nanoparticles since some loss of total antimony was observed in all experiments provided 

inocula1. Further assessment with a scanning electron microscope is recommended once cultures 

are enriched to, 1) identify the shapes of microbial strains involved in antimonate respiration and 

2) identify possible precipitates around the cells.  

Lack of soluble antimonite production in the LQMS, UAG, and AC experiments does not 

indicate lack of reduction. While Lai et al., (2016) were able to reduce antimonate under neutral, 

anaerobic conditions, forming aqueous antimonite with mine site sediments provided H2, their 

experiment only provided 4% of the amount of sediment supplied for LQMS, UAG, and AC in 

this research38. This could account for the difference in presence of aqueous Sb (III). Antimonite 

readily precipitates with sulfide or adsorbs to oxyhydroxides at circumneutral pH. Black 

precipitates were observed at the end of all three experiments in all bottles with inocula. 

Therefore, loss of antimony in solution during the LQMS, UAG, and AC experiments was 

interpreted to be from precipitation of Sb (III). Other research suggests Sb (III) has limited 

mobility in soil and sediment, even near mine sites and smelters attributed to adsorption or 

precipitation processes in soil17, 42. Perhaps our experiments incorporated too much inocula 
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which also contained an abundance of sulfide and oxyhydroxides. An abundance of sulfide 

and/or oxyhydroxides would lead to loss of Sb (III) form solution.  

Since autoclaved sediments were not used as another control, it is difficult to clearly 

define which processes are biological and which are abiotic. The presence of sulfide in solution 

can abiotically reduce antimonate to antimonite, and additional sulfide in solution leads to the 

precipitation of antimony sulfides, principally as metastibnite (red) and stibnite (gray to black) 

both as Sb2S3 (just like the colorimetric method discussed earlier)51. Chalcophilic precipitation 

was favored given that the Ksp of Sb2S3 is 1.7 x 10-97 while the Ksp of antimony trioxide (Sb2O3) 

is around 5.2 x 10-5 3, 22, 71. The three experiment sediments contained sulfide in the amounts 

listed in Table 3 even though the sediment from mine sites had pH values of 3 or less. This 

suggested the presence of sulfate reducing bacteria (SRB), commonly found in mine site 

sediments33, 49. SRB communities can convert sulfate to sulfide. In the LQMS, UAG, and AC 

experiments, it is hard to decipher with certainty, whether the sulfide or the microbial 

communities in the inoculum reduced antimonate to antimonite, and excess sulfide precipitates 

with Sb (III) to form a solid. Other researchers have documented such pathways. For example, 

Wang et al., (2013) witnessed maximum Sb removal via precipitation with sulfide, forming 

stibnite, at pH of 7, under anaerobic conditions, in the presence of SRB communities supplied 

with sulfate and Sb (V); the SRB community was enriched from a wastewater treatment plant in 

China67.  

Table 3: Sulfide concentration in sediment pore waters 

 

 

 

Sediment 
Average Sulfide Concentration 

(mg/L) 

LQMS 10.2 

UAG 7.2 

AC 4.9 
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An alternative abiotic mechanism for the precipitation of antimony requires the reduction 

of Sb (V) in the presence of green rust, i.e. Fe4(II)Fe2(III)(OH)12SO4·3H2O, where green rust 

reduces antimonate to antimonite 46. The antimonite then precipitates with sulfide in solution or 

adsorbs to oxyhydroxides69. Acid mine drainage is known to harbor high concentrations of both 

iron and sulfate, but sediment from LQMS, UAG, and AC were not tested directly for iron 

concentration nor sulfate concentration. However, sediment color varied from gray to red, 

perhaps indicating the presence of Fe2+ and Fe3+ especially given the low pH of the mine site 

sediments. Reduction tests should be completed with a fourth control of autoclaved inocula to 

understand any possible abiotic reduction and precipitation processes occurring beyond the 

microbial processes.  

Whatever the mechanism involved in the precipitation of antimony, reduction of 

antimonate was necessary. Findings provide promising evidence for wastewater microbial 

reduction of Sb (V) to Sb (III). This research suggests oxic Sb waste streams enriched in Sb (V) 

can readily be remediated using biological reduction followed by an adsorption or precipitation 

step to strip and sequester Sb from solution. Specific microbial communities need to be 

identified, precipitates need to be imaged and classified, and alternative electron donors should 

be tested in future experiments.  

 

4.3 Microbial oxidation experiments 

 Oxidation experiments examines the ability of microbes to oxidize Sb (III) under anoxic 

conditions when provided NO3
- as the electron acceptor. Just like the reduction experiments, 

microbial communities tested range from those less likely to be exposed to Sb to those likely 

exposed to metals and metalloids. Three microbial community results are discussed: Mahou 
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sludge, fresh RAS, and Lead Queen Mine sediments from the mouth of the mine adit (LQMM). 

The chemical reactions involved in the oxidation experiments are as follows. The Gibbs free 

energy of the combined reaction is ΔG°f = -668.73 kJ/mol under standard conditions60.  

Electron acceptor: 2NO3
- + 12H+ + 10e-  ⇌  N2 + 6H2O  (5a) 

Electron donor: Sb(OH)6
- + 3H+ + 2e-  ⇌  Sb(OH)3

0 + 3H2O
  (5b) 

Combined ½ reactions: 2NO3
- + 5Sb(OH)3

0 + 9H2O  ⇌  5Sb(OH)6
- + 3H+ + N2 (5c) 

 

4.3.1 Oxidation results of Sb (III) with Mahou sludge 

The results of oxidation of Sb (III) by Mahou sludge as a function of time is shown in 

Figure 16. Within roughly 19 days, the microbial community was not able to oxidize 25 mg/L of 

Sb (III) to Sb (V) when provided with a low yeast medium and NO3
- as the electron acceptor. No 

antimonate was observed in the abiotic control bottles nor any significant loss of total Sb. Both 

sets of bottles containing inoculum lost antimonite, but did not yield any antimonate. The 

endogenous group experienced an average of 22.3% loss of Sb, and the electron acceptor with 

microbes set had a 19.8% loss of total Sb. Total antimony measurements and those calculated 

from summing the speciation values vary from 2.1% to 10.1%.  
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Figure 16: Oxidation of Sb (III) by Mahou sludge as a function of time. Gray triangles and 

dashed line represent total Sb concentration (conc.) from ICP-OES measurements. Blue 

squares and solid blue line represent Sb (V) concentration. Purple circles with a solid purple 

line represent Sb (III) concentration. Green diamonds with the dotted green line track NO3
- 

concentrations within the experiment. A spike of NO3
- was added on day 14 to make sure 

enough electron acceptor was available. Points represent mean values from triplicate data and 

are plotted with ±1 standard deviation. 
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4.3.2 Oxidation results of Sb (III) with fresh RAS 

Results illustrating the oxidation of Sb (III) by fresh RAS as a function of time are shown 

in Figure 17. Over the course of 30 days, the microbial community was not able to significantly 

oxidize 25 mg/L of Sb (III) when provided a low yeast medium and NO3
- as the electron 

acceptor. No antimonate formed, nor was there any significant loss of total Sb in the abiotic 

bottles. Both sets of bottles containing inoculum lost antimonite, but did not yield any aqueous 

antimonate. The endogenous bottles experienced 35.8% average loss of Sb, and the electron 

acceptor with microbes set had a 22.0% loss of total Sb. Total antimony values from ICP-OES 

measurements and speciation values differ by -0.1 to -2.8% on average.  
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 Figure 17: Oxidation of Sb (III) by fresh RAS sludge as a function of time. Gray triangles and 

dashed line represent total Sb concentration (conc.) from ICP-OES measurements. Blue squares 

and solid blue line represent Sb (V) concentration. Purple circles with a solid purple line 

represent Sb (III) concentration. Green diamonds with the dotted green line track NO3
- 

concentrations within the experiment. A spike of NO3
- was added on day 20 to make sure enough 

electron acceptor was available. Points represent mean values from triplicate data and are 

plotted with ±1 standard deviation. 
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4.3.3 Oxidation results of Sb (III) with Lead Queen Mine Mouth sediments 

(LQMM) 

Results illustrating the oxidation of Sb (III) with LQMM inoculum as a function of time 

are shown in Figure 18. After almost 19 days, the microbial community did not oxidize 25 mg/L 

of Sb (III) when provided a low yeast medium and NO3
- as the electron acceptor. No 

development of antimonate was identified, nor was there any significant loss of total Sb in the 

abiotic control bottles. Both sets of bottles containing inoculum lost antimonite, but did not yield 

any antimonate in solution. The inoculum only bottles experienced an average of 81.3% loss of 

Sb with 42.2% of the loss occurring within the first 30 minutes of the experiment. Inoculum 

provided NO3
- had a 71.7% loss of total Sb, with 48.2% loss of total antimony occurring within 

the first 30 minutes of the experiment. Total antimony values from ICP-OES measurements and 

speciation values differ by -0.3 to 7% on average. 
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Figure 18: Oxidation of Sb (III) by LQMM sediment as a function of time. Gray triangles and 

dashed line represent total Sb concentration (conc.) from ICP-OES measurements. Blue squares 

and solid blue line represent Sb (V) concentration. Purple circles with a solid purple line 

represent Sb (III) concentration. Green diamonds with the dotted green line track NO3
- 

concentrations within the experiment. A spike of NO3
- was added on day 16 to make sure enough 

electron acceptor was available. Points represent mean values from triplicate data and are 

plotted with ±1 standard deviation. 
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4.3.4 Microbial oxidation experiments discussion 

 The microbial communities tested were not able to oxidize Sb (III) and form aqueous 

antimonate, indicating microbial oxidation may not be a ubiquitous trait or that produced 

antimonate was immediately sequestered. The experiments may have terminated too early to see 

results. However, it seemed unlikely these microbial communities were able to oxidize Sb (III) 

within a reasonable timeframe. Instead, fresh RAS and the LQMM experiments lost total Sb, 

interpreted as precipitation with sulfide in solution. LQMM experiments lost over 40% of the 

total Sb within 30 minutes of starting the experiment, indicating a rapid process such as 

metastibnite precipitation or adsorption over oxidation.  

 A few experiments document successful microbial oxidation of antimonite. However, 

examples of successful microbial oxidation experiments use pure culture tests instead of using 

sediments and mixed microbial communities39, 54. For example, Terry et al., (2015) isolated two 

strains of bacteria, IDSBO-1 and IDSBO-4 (of Hydrogenophaga taeniospiralis and Variovorax 

paradoxus, respectively) from Idaho stibnite mine sediments, for pure culture experiments using 

NO3
- and O2 as the electron acceptors, respectively54. In the pure culture experiments, bacterial 

strains were able to oxidize Sb (III) when provided 124 mg/L of NO3
- or atmospheric O2 as the 

electron acceptor; however, just over half of the Sb (III) in solution was lost to Sb2O3 

precipitation in the groups with inoculum provided NO3
- and nearly all Sb (III) was precipitated 

as Sb2O3 when provided O2
54. Interestingly, none of the autoclaved inoculum indicated loss of Sb 

(III), no reduction of nitrate, nor any precipitation of Sb2O3 suggesting precipitation was 

facilitated by microbes, similar to the reduction experiments by Abin and Hollibaugh (2014)1, 54. 

Perhaps the precipitation of Sb (III) interpreted during the LQMM experiment was also 
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facilitated by microbes. Autoclaved inoculum controls and scanning electron microscopy are 

needed to confirm.  

Another experiment found oxidation mechanisms for antimonite were interpreted to use 

other pathways than arsenite and may require different operons which may not be pervasive in 

the microbial world39, 41. Lehr et al., (2007) found cultures from algae (of order Cyanidiales) and 

wild-type Agrobacterium tumefaciens where able to oxidize Sb (III) (conditions not specified)39. 

Both species can oxidize As (III), however, wild-type A. tumefaciens did not express the aoxAB 

enzyme nor the mrpB mutant when oxidizing Sb (III), unlike when oxidizing As (III), suggesting 

alternate oxidation pathways for Sb (III)39. Microbial communities used in the oxidation 

experiments with Mahou, RAS, and LQMM, may lack operons necessary for Sb (III) oxidation.  

Experiment results presented in this research may be influenced by lack of oxidizing 

communities with necessary operons, sediment mineralogy, and ligand chemistry. Similar to the 

microbial reduction experiments, presence of sulfide and oxyhydroxides may inhibit antimonite 

availability and mobility. For remediation mechanisms, abiotic means are likely more effective at 

sequestering Sb (III) from solution than biological methods. If a waste stream contains both Sb 

(V) and Sb (III), Sb (III) is less likely to be altered in a biological reactor using microbes capable 

of reduction of Sb (V). Therefore, oxidation experiments presented in these results continue to 

support effective waste stream remediation via a reductive bioreactor followed by an abiotic 

adsorption or precipitation process.  
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5.) CONCLUSIONS 

 Wastewater treatment microbes, rarely exposed to metalloids, are capable of reducing 

antimonate in anaerobic, circumneutral conditions, supporting a universal pathway for antimony 

reduction and microbial growth, possibly as a terminal electron acceptor. H2 is an effective 

electron donor depending on the microbial community. Sediments regularly exposed to metals 

and metalloids likely reduce antimonate and facilitate precipitation or adsorption depending on 

the sediment chemistry.  

 Wastewater treatment microbes investigated in this report are not capable of oxidizing 

antimonite with NO3
- as an electron acceptor, suggesting a more unique enzyme or pathway is 

necessary for microbial oxidation. Sediments exposed to metals and metalloids readily 

precipitate antimonite. However, data also supports claims antimonite is not as mobile in 

sediments and soil. Alternative electron acceptors should be tested to confirm oxidation results. 

Oxidation and reduction experiments support remediation pathways utilizing a bioreactor to 

reduce antimonate followed by sulfide precipitation or oxyhydroxide adsorption. Such a 

processes would simplify Sb species in solution and reduce more expensive abiotic process 

facility operating needs.  

 Exploitation of rapid precipitation of antimony with sulfide is used to qualitatively assess 

antimonite presence and concentration. The colorimetric method with sulfide is simple, quick, 

and inexpensive with good repeatability. Unlike other options, this colorimetric method provides 

a novel approach to rapidly screen microbial experiments. Future work should focus on 

improving the method using a quantitative approach with a better tuned microplate 

spectrophotometer.  
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