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REACTIVE IRON SULFIDES   
 
As reviewed by Fan et al., (2017), multiple studies have shown that various reactive iron sulfide 
species can aid in the biogeochemical transformation of organic constituents of interest (COIs) 
such as halogenated organic solvents, and that they can be useful in precipitating inorganic COIs 
such as arsenic, chromium and mercury.  This is most apparent with nanoscale or fine (e.g., < 10 
micron) zero valent iron (ZVI) particles because they have more surface area which can be quickly 
passivated, hence within a short period of time, they typically exhibit lower efficiency for 
dechlorination.  In an effort to mitigate this phenomenon various formulations of sulfidated iron 
(S-ZVI) and other reactive iron sulfide species such as mackinawite per se have become available 
commercially as remedial amendments designed to be injected or otherwise applied directly to 
an impacted environment. 
 
The reactive properties of S-ZVI adhere to classic corrosion chemistry principles governing the 
conditions under which sulfur attacks iron. Recognizing the potential distinctions between 
chemical sulfidation and natural sulfidation, an alternative means of harnessing the activity of 
reactive iron sulfides - instead of buying mackinawite alone (for example) - is to generate multiple 
iron sulfide species, in place, and for free as part of an engineered remedial amendment that 
integrates multiple synergistic biogeochemical reactions (see Mangayayam et al, 2019 for 
emerging insights into the actual value of buying and applying sulfidated iron products directly). 
In so doing the remedial actions occur where they are needed and not simply where the insoluble 
precipitates are directly emplaced. 
 
As outlined below, this is what occurs with Provect-OX®/Provect-OX2™ in situ chemical oxidation 
(ISCO) / enhanced bioremediation amendments, Provect-IR® / Provect-IRM® 
(antimethanogenic) solid in situ chemical reduction (ISCR) amendments, and Provect-ERD-
CH4+DVI Liquid ISCR amendment. 
 
IN SITU FORMATION OF IRON SULFIDES 
 
One of the most well-known redox-based inorganic precipitation reactions involves iron and 
sulfate (SO4

2-) which is a common constituent in groundwater aquifers. At high redox potential 
(Eh), the stable form of sulfur is sulfate (SO4

2-); at very low Eh sulfide (H2S or HS-) is the stable 
form, with HS- being predominant at pH greater than 7 (Equation 1): 
 
 HS- + 4H2O ↔ SO4

2- + 9H+ + 8e-  (Eq 1) 
 
Sulfate reduction in natural aquifer environments is biologically mediated via near-ubiquitous 
sulfate-reducing bacteria as they use the oxygen in sulfate to convert organic matter to 
bicarbonate as shown in Equation 2, which can be further transformed to carbon dioxide (CO2) 
and methane (CH4).  
 
 −− +→++ 322organic

2
4 2HCOSH  OH22CSO  (Eq 2) 

https://www.provectusenvironmental.com/zvi/FanLanTratnyek17-SulfidationReview.pdf
https://www.provectusenvironmental.com/zvi/mangayayam2019ZVI.pdf
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Sulfate can also be reduced by direct interaction with zero-valent iron (ZVI) or reduced iron.  Given 
the low solubility of iron sulfide (FeS), the hydrogen sulfide produced precipitates out of solution 
(Equation 3).  Hydrogen sulfide is slightly soluble in water and acts as a weak acid yielding  
the hydrosulfide ion HS− (pKa = 6.9) and the sulfide anion S2− (pKa = 11.96) per Equation 4. 
 
 Fe2+ + HS- → FeS(s) + H+ (Eq 3) 

H2S ⇔ HS− + H+ ⇔ S= + H+                   (Eq 4) 

Over time, the precipitates yield a variety of reactive iron sulfide species including: 

 Mackinawite (FeS), a (nano)crystalline or an amorphous form of black iron sulfide 
precipitate (Butler and Hayes, 1999; Dries et al., 2001; Fan et al, 2017).  

 Greigite, an iron(II)/iron(III) sulfide mineral with formula Fe3S4 (Picard et al., 2018), mostly 
upon oxidation of FeS (Bourdoiseau et al., 2011; Lennie et al., 1997)  with conversion over 
time to Fe3S4 (Csakberenii-Malasics et al, 2012).  

 Green Rust, a mixed iron(II)/iron(III) hydroxide layered combined with anions such as 
carbonate, chloride and sulfate (Christianson et al., 2009).  

 Marcasite a polymorph of pyrite (Battelle, 2002; Yabusaki et al, 2001), and possibly Pyrite 
(FeS2). 

 
FREE MACKINAWITE and more… 
 
Under ERD/ISCR Conditions 
 
Provect-IR®/Provect-IRM® solid ISCR amendments and ERD+DVI liquid ISCR amendments are 
formulated on a site-specific basis. As such, the types and amounts of organic carbon and the 
grade, purity and amount of ZVI (and sulfur where needed) are optimized for both short- and long-
term effectiveness. For example, a hypothetical site with a groundwater flow velocity of 0.3 m/day, 
an aquifer porosity of 0.3 and a sulfate concentration of 100 mg/L represents an annual 3,285 
g/yr/m2 (34.2 mol/yr/m2) mass flux of sulfate. In the presence Provect-IR the amendment could 
form in situ an estimated 3,010 g/yr/m2 of FeS or 2,462 g/yr/ft2 of FeS2. FeS formation continues 
only so long as reagents maintain anoxic conditions under continuous oxygen input, but assuming 
that all iron sulfides are eventually converted to marcasite and assuming a molar volume of FeS 
of 18.5 cm3/mol, then the volume of precipitate formed would be equivalent to 632 cm3/yr/m2. 
 
Provect-IR® Solid ISCR Amendment and Provect-IRM® are mixtures of reagents combined into 
a single product that optimizes the in situ reductive dechlorination of chemicals present in soil, 
sediment, and groundwater. It is engineered to create and sustain strongly reducing 
biogeochemical conditions through synergistic interactions between:  
 
 Multiple hydrophilic, nutrient-rich organic carbon sources 
 Zero-Valent Iron (ZVI)  
 Chemical oxygen scavengers (dithionate and/or sulfite) -   see Han and Yan, 2016 
 Vitamin and mineral sources  

https://www.sciencedirect.com/topics/chemistry/hydrosulfide
https://www.sciencedirect.com/topics/chemistry/anion
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 Supplemental sulfur sources, where needed 
 Optional natural antimethanogenic compounds (AMRs), where appropriate  

 
Provect-ERD+DVI™ Liquid ISCR Amendment is a mixture of cold-water soluble reagents 
combined into a single product providing both fermentable carbon and supplemental Dual-Valent 
Iron (DVI) in the proper proportions so that the Fe+2 ions donate electrons and are oxidized to 
Fe+3 over several years. Where needed (i.e., in the presence of low sulfate), additional source of 
sulfur is included in the product formulation. General physical parameters are as follows: 
 
 Multiple hydrophilic, nutrient rich organic carbon sources at 60 to >85% weight basis 

(glycerin as fast-release H donors; Soluble lactic acid as mid-release H donors; Ethyl 
lactate as a green solvent and H donor; Dissolved Fatty acids as long-term release H 
donors) 

 Dipotassium phosphate for micronutrients and pH buffering 
 Potash or bicarbonate for pH control  
 Dual-Valent Iron water-soluble organic Fe content 5 to 10% weight basis 
 Chemical oxygen scavengers (dithionate and/or sulfite) 
 Vitamin and mineral sources  
 Supplemental sulfur sources, where needed 
 Optional natural antimethanogenic compounds (AMRs), where appropriate (two types 

typically at 4% to 8% weight of FC) 
 

These distinctive, patented (US patents 7,129,388; 7,531,709; 7,828,974; 8,147,694; 9,221,699) 
combinations of natural and food-grade chemicals create and sustain ISCR conditions for fast 
and effective destruction of chlorinated solvents, organochlorine pesticides, and other 
halogenated compounds via combined abiotic and biotic processes (Brown et al., 2009; Chen et 
al., 2014; Dolfing et al., 2008; Scalzi et al 2013; Wei and Finneran, 2011). Notably, only Provectus 
ISCR reagents contain antimethanogenic reagents (AMRs) to simultaneously inhibit the 
production of methane during the requisite carbon fermentation processes. This promotes more 
efficient use of the hydrogen donor (>30% more efficient which reduces amendment requirements 
and time/labor associated with their application – see Men et al., 2013; Mueller et al., 2014) while 
avoiding negative issues associated with elevated methane (CH4) in groundwater, soil gas and 
indoor air (Kram et al., 2019). 
 
Under ISCO Conditions 
 
Provect-OX® and Provect-OX2™ activate sodium and/or potassium persulfate using divalent 
and/or-trivalent metals such as Fe III (Scalzi and Karacharios, 2013a) which requires a lower 
activation energy than alternative mechanisms while not consuming the persulfate oxidant.  The 
mechanism is believed to elevate the oxidation state of the iron transiently to a supercharged iron 
ion which also may act as an oxidant.  The reactions that occur in the chemical oxidation include 
persulfate radicals and ferrate, as summarized below (Equation 4): 

S2O8
-2+ Fe+3 ---------> Fe(+4 to+6) + SO4

2- + SO4
2-•                        (Eq. 4) 
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As the supercharged iron cation is consumed, the resulting ferric species can act as a terminal 
electron acceptor for biological attenuation – which generates reactive iron sulfide species as 
noted above. Coincidentally, the generated sulfate ion from the decomposition of the persulfate 
provides a terminal electron acceptor for sulfate reducers which may further remediate the 
targeted compounds in the groundwater and soils. 

1) Sulfate Residual 
 

After an initial oxidative phase (weeks to months), an aquifer transition to a reducing environment 
in the presence of electron donor such as residual organic contaminant. After dissolved oxygen 
has been depleted in the treatment area, sulfate (a by-product of the persulfate oxidation) may be 
used as an electron acceptor for anaerobic biodegradation by indigenous microbes.  This process 
is termed sulfidogenesis and results in the production of sulfide.  Stoichiometrically, each 1.0 mg/L 
of sulfate consumed by microbes results in the destruction of approximately 0.21 mg/L of BTEX 
compounds.  Sulfate can play an important role in bioremediation of petroleum products, acting 
as an electron acceptor in co-metabolic processes as well. For example, the basic reactions for 
the mineralization of benzene and toluene under sulfate reducing conditions are presented in 
Equations 5 and 6: 

 
C6H6 + 3.75 SO4

2- + 3 H2O --> 0.37 H+ + 6 HCO3
- + 1.87 HS- + 1.88 H2S-               (Eq. 5)

C7H8 + 4.5 SO4
2- + 3 H2O --> 0.25 H+ + 7 HCO3

- + 2.25 HS- + 2.25 H2S-              (Eq. 6) 
 

2)  Ferric Iron 
 

Ferric iron is also used as an electron acceptor during anaerobic biodegradation of many 
contaminants, sometimes in conjunction with sulfate.  During this process, ferric iron is reduced 
to ferrous iron, which is soluble in water. Hence, ferrous iron may be used as an indicator of 
anaerobic activity.  As an example, stoichiometrically, the degradation of 1 mg/L of BTEX results 
in the average consumption of approximately 22 mg/L of ferric iron (or “production” of ferrous iron) 
as shown below (Equations 7 – 9). 
 

C6H6 + 18 H2O + 30 Fe3+ -------> 6 HCO3
- + 30 Fe2+ + 36 H+                        (Eq. 7) 

C7H8 + 21 H2O + 36 Fe3+ -------> 7 HCO3
- + 36 Fe2+ + 43 H+                        (Eq. 8) 

C8H10 + 24 H2O + 42 Fe3+ -------> 8 HCO3
- + 42 Fe2+ + 50 H+                       (Eq. 9) 

 
3) Formation of Mackinawite and other Reactive Iron Sulfides 

While ferrous iron is formed as a result of the use of the ferric species as a terminal electron 
acceptor, residual sulfate is utilized as a terminal electron acceptor by facultative organisms 
thereby generating sulfide under these same conditions.  Together, the ferrous iron and the 
sulfide promote the formation of iron sulfides as a remedial byproduct (Equation 3).  This reaction 
combats the toxic effects of sulfide and hydrogen sulfide accumulation on the facultative bacteria, 
while also providing a means of removing targeted organic and inorganic COIs via precipitation 
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reactions. Moreover, pyrite possesses a high number of reactive sites that are directly proportional 
to both its reductive capacity and the rate of decay for the target organics.   
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