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Abstract Perfluoroalkyl and polyfluoroalkyl substances

are occurring in consumer and industrial products. They

have been found globally in the aquatic environment

including drinking water sources and treated wastewater

effluents, which has raised concern of potential human

health effects because these substances may be bioaccu-

mulative and extremely persistent. The saturated carbon–

fluorine bonds of the substances make them resistant to

degradation by physical, chemical, and biological pro-

cesses. There is therefore a need for advanced remediation

methods. Iron-based methods involving high-valent com-

pounds are appealing to degrade these substances due to

their high oxidation potentials and capability to generate

environmentally friendly by-products. This article presents

for the first time the oxidation ability of tetraoxy anions of

iron(V) (FeVO4
3-, Fe(V)), and iron(IV) (FeIVO4

4-,

Fe(IV)), commonly called ferrates, in neutral and alkaline

solutions. Solid compounds of Fe(V) (K3FeO4) and Fe(IV)

(Na4FeO4) were added directly into buffered solution

containing perfluorooctansulfonate and perfluorooctanoic

acid at pH 7.0 and 9.0, and mixed solutions were subjected

to analysis for remaining fluoro compounds after 5 days.

The analysis was performed by liquid chromatography–

mass spectrometry/mass spectrometry technique. Fe(IV)

showed the highest ability to oxidize the studied contami-

nants; the maximum removals were 34 % for perfluo-

rooctansulfonate and 23 % for perfluorooctanoic acid. Both

Fe(V) and Fe(IV) had slightly higher tendency to oxidize

contaminants at alkaline pH than at neutral pH. Results

were described by invoking reactions involved in oxidation

of perfluorooctansulfonate and perfluorooctanoic acid by

ferrates in aqueous solution. The results demonstrated

potentials of Fe(V) and Fe(IV) to degrade perfluoroalkyl

substances in contaminated water.

Keywords Ferrate � Oxidation � Degradation �
Perfluoroalkyl compounds � Fe(V) � Fe(IV)

Introduction

Access to purified water is one of the greatest challenges in

the twenty-first century due to the increasing global

demand for water (United Nations Educational, Scientific,

and Cultural Organization 2003). Any treatment method to

purify water must be easy to implement and involve readily

available materials. Iron is abundant on earth, and the

application of iron-based technology is also attractive due

to its environmentally benign products. Moreover, iron

chemistry for water treatment is well understood, and iron-

based materials are generally magnetic and can easily be

removed after their applications in the treatment procedure

thus rendering them more sustainable (Zboril et al. 2012).

Iron has a unique range of valence states and polymorphs,

which have found applications in environmental remedia-

tion and water treatment (Crane and Scott 2012; Sharma
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2011). Examples include zero valent iron (ZVI) (Crane and

Scott 2012; De la Cruz et al. 2012; Dhakshinamoorthy

et al. 2012) and iron(II) sulfides in the treatment of con-

taminated groundwater (Butler et al. 2013) and ferrous

(Fe(II)) and ferric (Fe(III)) ions as main constituents of

Fenton and Fenton-like reactions to generate reactive •OH

species in order to purify water. Salts of ferric ions are also

very commonly used as coagulants in drinking water

treatment.

In recent years, tetraoxy iron(VI) (FeVIO4
2-, Fe(VI))

referred to as ferrate(VI) has emerged as a novel compound

to treat water because of its dual function as an oxidant and

subsequent coagulant in the form of Fe(III) oxides/

hydroxide (Jiang 2014; Lee et al. 2009). Several

researchers have demonstrated the applications of Fe(VI)

to detoxify pollutants and to disinfect viruses and bacteria

as well as to remove toxic metals and micropollutants from

water used as a drinking water source (Horst et al. 2013;

Jiang 2007; Prucek et al. 2013; Sharma 2007; Sharma et al.

2012, 2013; Yang et al. 2012). Comparatively, little is

known on the potentials of tetraoxy iron(IV) (FeIVO4
4-,

Fe(IV)) and tetraoxy iron(V) (FeVO4
3-, Fe(V)) to treat

contaminated water. The present paper aims for the first

time to demonstrate the potential of Fe(IV) and Fe(V) to

degrade recalcitrant compounds.

In this work, the selected recalcitrant compounds were

the perfluoroalkyl compounds (PFCs), perfluorooctansulf-

onate, and perflouorooctanoic acid. These compounds have

very high thermal and chemical stability and therefore are

used in many industrial and consumer products such as

shampoos, fume suppressants, paints, non-stick cookware,

and floor polishes (Knepper and Lange 2012). Perfluo-

rooctansulfonate and perfluorooctanoic acid have been

detected in groundwater at concentrations higher than the

provisional health advisory limits (Appleman et al. 2014).

A remediation technique is required to remove perfluo-

rooctansulfonate and perfluorooctanoic acid from ground-

water, especially if that water is a potential source of

drinking water. Treatment methods that have been applied

to degrade perfluorooctansulfonate and perfluorooctanoic

acid include incineration, coagulation, biofiltration, tradi-

tional oxidation techniques (chlorination, ozonation, and

UV irradiation), sonolysis, and photocatalytic oxidation,

some of which are energy intensive and expensive to

implement (Appleman et al. 2014; Rahman et al. 2014).

Advanced oxidation processes where the •OH radical is the

reactive species have been found ineffective treating per-

fluorooctansulfonate and perfluorooctanoic acid (Apple-

man et al. 2014). However, some success with activated

persulfate on the removal of perfluorooctansulfonate by the

sulfate radical has been seen (Knepper and Lange 2012;

Lee et al. 2013). A recent study showed the removal of

perfluorooctanoic acid in the presence of superoxide and

hydro peroxide reactive species (Mitchell et al. 2014). The

present paper seeks to define the radical-behavior role of

Fe(V) and Fe(IV) to degrade perfluorooctansulfonate and

perfluorooctanoic acid, which behave like radicals. The

objectives of the current paper are as follows: (1) to

demonstrate the potential of high-valent iron species in

treating selected recalcitrant contaminants, and (2) to

determine the efficacy of Fe(IV) and Fe(V) species to treat

selected contaminants at different pH.

Experimental methods

All chemicals used in the study were reagent grade ([95 %

purity, Fisher Scientific) unless otherwise noted and were

used without further purification. A solid potassium salt of

Fe(VI) (K2FeO4) was prepared by the wet chemical method

(Luo et al. 2011) and the purity was[95 %. Sodium salt of

Fe(IV) (Na4FeO4) and potassium salt of Fe(V) (K3FeO4)

were synthesized using thermal methods (Dedushenko

et al. 2010; Jeannot et al. 2002). The purity of the salts was

confirmed by the Mossbauer technique. Purities of the

samples were C80 %. All solutions were prepared in water

(18 MX cm-1), which was obtained by passing double-

distilled deionized water to the Milli-Q water purification

system. A solution of Fe(VI) was prepared by adding

198 mg of solid K2FeO4 to 1 L buffer solution at pH 9.0,

where the solution is most stable. Concentration of Fe(VI)

in solution was measured by absorbance at 510 nm

(e510 = 1,150 M-1 cm-1). A UV–Vis spectrophotometer

(Agilent 8453) was used for measuring absorbance.

In order to avoid adsorption of perfluorooctansulfonate and

perfluorooctanoic acid to treatment bottle walls, all experi-

ments, except buffers, were performed using 1-L HDPE bot-

tles. Buffers were prepared in 4-L glass volumetric flasks.

Experiments were carried out either at pH 9.0 (0.001 M

borate/0.005 M Na2HPO4 buffer) or at pH 7.0 (0.03 M

KH2PO4/0.05 M Na2HPO4 buffer). Stock solutions of per-

fluorooctansulfonate (Alfa Aesar) and perfluorooctanoic acid

(Strem Chemicals) were prepared by adding 50 mg of each

compound to 1-L HDPE bottles and then diluting to 1 L with

the appropriate buffer. Each treatment bottle was prepared in

duplicate, and a same procedure for control bottles (not added

Fe(IV) or Fe(V)) was applied. The initial concentrations of

perfluorooctansulfonate and perfluorooctanoic acid were

0.779–1.252 and 4.515–7.022 mgL-1, respectively. For the

testing, pre-weighed amounts of Fe(IV), Fe(V), and Fe(VI)

were added to separate, empty 1-L HDPE bottles. Fe(IV) and

Fe(V) were added to bottles in amounts, equal to 50 times the

stoichiometric amount to fully oxidize the PFC. The addition

was done in glove box to avoid contact of humidity with

Fe(IV) and Fe(V), which can degrade their salts rapidly. After

addition of the ferrate compounds, the bottles were capped and
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wrapped with parafilm, removed from the glove box. Each

testing bottle was opened individually and the PFC solution

was immediately poured into the ferrate-containing bottle.

The bottles were then quickly capped and inverted fifteen

times to ensure complete mixing.

A liquid chromatography–mass spectrometry/mass spec-

trometry (LC–MS/MS) method was used to analyze perfluo-

rooctansulfonate and perfluorooctanoic acid. Standards in

acetonitrile were prepared by diluting with an equal amount of

water. The range of standards was 1–500 lgL-1. Concen-

trated samples were diluted to this range. The internal standard

used was 13C, which was spiked at a consistent level for all

standards and samples. Percent removal was calculated based

on the pre- and post-treatment concentrations of each com-

pound. Samples were allowed to react for 5 days in the

treatment bottle before analyzing for perfluorooctansulfonate

and perfluorooctanoic acid.

Results and discussion

In initial experiments, a solid salt of Fe(IV) was added into

buffered solution to determine the interaction of Fe(IV) ion

with water at pH 9.0. The solution instantaneously turned

the pink-violet color characteristics of Fe(VI) ion and then

quickly reduced to Fe(III) evidenced by a rust-brown color.

Interestingly, Fe(IV) converted into higher valent Fe(VI)

ion, which can be described by Eq. (1).

3 Na4FeO4 þ 8 H2O! 12 Naþ þ FeO2�
4 þ 2 Fe3þ

þ 16 OH� ð1Þ

The formation of Fe(VI) and Fe(III) from the decom-

position of Fe(IV) due to water present in air has been

confirmed by Mossbauer spectroscopy (Jeannot et al.

2002). Similar experiments were also performed by adding

solid salt of Fe(V) into buffered solution at pH 9.0. In this

case, the buffered solution also changed to the distinct

color of Fe(VI) ion. Spectra collected immediately (initial)

and after 2 and 22 h are shown in Fig. 1. The initial spectra

had a characteristic peak of Fe(VI) at 510 nm and thus

confirmed the decomposition of Fe(V) to Fe(VI). The

instantaneous formation of Fe(VI) was surprising as pre-

vious pulse radiolysis studies in aqueous solution (Rush

and Bielski 1989) have shown the release of Fe(III) ion and

hydrogen peroxide from the decomposition of Fe(V) ion in

alkaline medium illustrated in Eq. (2).

K3FeO4 þ 4 H2O! 3Kþ þ Fe OHð Þ3þH2O2 þ 3 OH�

ð2Þ

A more recent study on the decomposition of solid

Fe(V) in air exposure using Mossbauer spectroscopy

showed the formation of Fe(VI) and Fe(III) (Dedushenko

et al. 1999), which may be expressed as Eq. (3).

K3FeO4 þ 4H2O! 3Kþ þ 2FeO2�
4 þ Fe OHð Þ3þ5 OH�

ð3Þ

The Fe(VI) ion formed from the solid was ultimately

converted into Fe(III) ion, which was also observed in the

pulse radiolysis studies.

In the next set of experiments, solids of Fe(V) and

Fe(IV) were added individually into buffered solution

containing perfluorooctansulfonate at pH 9.0. Each of the

mixed solutions was allowed to react with perfluorooc-

tansulfonate for 5 days at which point the solution turned

rust-brown indicating reduction of Fe(III). Solutions were

then filtered and analyzed for perfluorooctansulfonate. The

results are given in Fig. 2. Perfluorooctansulfonate was

resistant to Fe(VI), while both Fe(V) and Fe(IV) were able

to oxidize perfluorooctansulfonate. Fe(IV) had the highest

ability to oxidize perfluorooctansulfonate with removal

percentage of 34 %. The removal percentage by Fe(V) was

21 %. This order of reactivity of removing perfluorooc-

tansulfonate at pH 9.0 is different from the earlier reac-

tivity of ferrates with cyanide at pH 12.2

(Fe(V) [ Fe(IV) [ Fe(VI)) (Sharma et al. 2001). Similar

experiments were conducted for perfluorooctanoic acid. As

shown in Fig. 2, the removal percentages for perfluorooc-

tanoic acid were lower, and there was no difference

between Fe(V) and Fe(IV) (17 % removal for both).

Generally, perfluorooctansulfonate is more reactive than

perfluorooctanoic acid with ferrates (Fig. 2).

Finally, experiments were conducted at a neutral pH.

The removal percentages of perfluorooctansulfonate and

perfluorooctanoic acid are presented in Fig. 3. The removal

percentages were generally lower at pH 7.0 than those at
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Fig. 1 UV–Vis spectra obtained after adding solid K3FeO4 into

buffer solution at pH 9.0. Initial spectrum shows the immediate

formation of Fe(VI) after adding Fe(V) into the solution while spectra

at 2 and 22 h are of the Fe(III) species, which is decomposed product

of formed Fe(VI)
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pH 9.0. For example, removal of perfluorooctansulfonate

decreased to 28 % at pH 7.0 from 34 % at pH 9.0. The pH

dependence of removal can be explained by considering

the rates of competing reactions occurring in the reaction

systems, which are (1) ferrates with themselves

(Fe(IV) ? Fe(IV), Fe(V) ? Fe(V), and Fe(VI) ? Fe(VI)),

(2) ferrates with water (Fe(IV) ? H2O, Fe(V) ? H2O, and

Fe(VI) ? H2O), and (3) ferrates with compounds

(Fe(IV) ? perfluorooctansulfonate/perfluorooctanoic acid,

Fe(V) ? perfluorooctansulfonate/perfluorooctanoic acid,

and Fe(VI) ? perfluorooctansulfonate/perfluorooctanoic

acid). All the three possible reactions for each ferrate

species are pH dependent, and the pH dependence behavior

is different depending on both ferrate and compound

moiety (Lee and von Gunten 2012; Noorhasan et al. 2010).

The results seen in Figs. 2 and 3 represent commutative

effectiveness of different ferrate species. It seems that

reactions of Fe(IV) with either perfluorooctansulfonate or

perfluorooctanoic acid dominate the other possible (self-

)reaction and water to cause degradation of the parent

compounds. Based on the chemistry of Fe(VI), the oxida-

tion by Fe(IV) was expected to increase in decreasing the

pH from 9.0 to 7.0, but lower efficiency at pH 7.0 than that

at pH 9.0 was seen. This suggests that the reactions (1) and

(2) may compete much more with the reaction (3) at a

neutral condition than under alkaline pH. Fe(V) is expected

to have much higher oxidation ability than Fe(IV), but

lower removal percentage by Fe(V) further indicates the

other possible reactions besides the reaction of Fe(V) with

perfluorooctansulfonate/perfluorooctanoic acid. It appears

that the decomposition of Fe(V) by water and another

Fe(V) has higher slope of pH dependence than that of the

dependence of the reaction with perfluorooctansulfonate/

perfluorooctanoic acid, resulting in lower effectiveness of

Fe(VI) to oxidize both compounds.

Testing for F- ion was also performed to learn the

complete mineralization of degraded parent perfluorooc-

tansulfonate and perfluorooctanoic acid compounds by

Fe(V) and Fe(IV). However, no F- ion was observed in

any of the tested samples. Based on the most recent results

we can say that stoichiometric amounts of fluoride were

formed indicating that the PFC is completely mineralized

by the Fe(IV) and Fe(V). This indicates incomplete min-

eralization of studied fluoro compounds by Fe(V) and

Fe(IV). Another possibility is the adsorption/co-precipita-

tion of F- ion by Fe(III) oxides/hydroxides, formed from

reduction of ferrates. This removal of F- ion would be

similar to removal of anions (e.g., arsenic, phosphate, and

chromate) and metal ions by Fe(VI) (Filip et al. 2011; Lee

et al. 2009; Sharma et al. 2007; Sylvester et al. 2001).

Conclusion

Fe(IV) and Fe(V) were able to oxidize perfluorooctansulf-

onate and perfluorooctanoic acid under neutral and alkaline

pH conditions. However, both compounds were not com-

pletely removed by ferrates under the studied conditions.

The pH effect on removing the compounds indicates per-

forming the studies over a wide pH range to determine the

optimum pH and dosages of ferrates. Products of oxidative
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Fig. 2 Removal percentages of perfluorooctylsulfonate and perflu-

orooctanoic acid by different high-valent iron species at pH 9.0. Fe(VI)

is almost unreactive and shows very little removals. Fe(IV) shows the

maximum removal. The removal percentage for perfluorooctanesulf-

onate by Fe(V) is between Fe(VI) and Fe(IV). Comparatively,

perfluorooctanoic acid removal by Fe(V) and Fe(IV) is similar
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Fig. 3 Removal percentages of perfluorooctylsulfonate and perflu-

orooctanoic acid by different high-valent iron species at pH 7.0.

Removal of perfluorooctylsulfonate by ferrates follows the order

Fe(IV) [ Fe(V) [ Fe(VI) similar to the order at pH 9.0. Removal of

perfluorooctanoic acid by Fe(IV) is the highest among different

ferrate species. Both Fe(VI) and Fe(V) shows very little removal

(*10 %) of perfluorooctanoic acid at pH 7.0
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transformations of perfluorooctansulfonate and perfluoro-

octanoic acid also need to be conducted to establish the

formation of benign by-products by ferrates. The ability of

ferrates to oxidize perfluorooctansulfonate and perfluoro-

octanoic acid would provide a less energy intensive and

more sustainable method for treating PFC-contaminated

water both in situ and ex situ.
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R (2013) Ferrate(VI)-induced arsenite and arsenate removal by

in situ structural incorporation into magnetic iron(III) oxide

nanoparticles. Environ Sci Technol 43(7):3283–3292

Rahman MF, Peldszus S, Anderson WB (2014) Behaviour and fate of

perfluoroalkyl and polyfluoroalkyl substances (PFASs) in drink-

ing water treatment: a review. Water Res 50:18–340

Rush JD, Bielski BHJ (1989) Kinetics of ferrate(V) decay in aqueous

solution. A pulse-radiolysis study. Inorg Chem 28:3947–3951

Sharma VK (2007) Disinfection performance of Fe(VI) in water and

wastewater: a review. Water Sci Technol 55(1–2):225–232

Sharma VK (2011) Oxidation of inorganic contaminants by fer-

rates(Fe(VI), Fe(V), and Fe(IV))—kinetics and mechanisms—a

review. J Environ Manage 92:1051–1073

Sharma VK, O’Connor DB, Cabelli DE (2001) Sequential one-

electron reductions of Fe(V) to Fe(III) in alkaline solution.

J Phys Chem B 105:11529–11532

Sharma VK, Dutta PK, Ray AK (2007) Review of kinetics of

chemical and photocatalytical oxidation of arsenic(III) as

influenced by pH. J Environ Sci Health Part A Toxic/Hazard

Subst Environ Eng 42(7):997–1004

Sharma VK, Sohn M, Anquandah G, Nesnas N (2012) Kinetics of the

oxidation of sucralose and related carbohydrates by ferrate(VI).

Chemosphere 87:644–648

Sharma VK, Liu F, Tolan S, Sohn M, Kim H, Oturan MA (2013)

Oxidation of b-lactam antibiotics by ferrate(VI). Chem Eng J

221:446–451

Sylvester P, Rutherford LA Jr, Gonzalez-Martin A, Kim J, Rapko

BM, Lumetta GJ (2001) Ferrate treatment for removing chro-

mium from high-level radioactive tank waste. Environ Sci

Technol 35(1):216–221

United Nations Educational, Scientific, and Cultural Organization

(2003) Water for people, water for life—the United Nations

World Water Development Report, Edition 1 World Water

Assessment Programme (WWAP)

Yang B, Ying GG, Zhao J-, Liu S, Zhou LJ, Chen F (2012) Removal

of selected endocrine disrupting chemicals (EDCs) and pharma-

ceuticals and personal care products (PPCPs) during ferrate(VI)

treatment of secondary wastewater effluents. Water Res

46(7):2194–2204

Zboril R, Andrle M, Oplustil F, Machala L, Tucek J, Filip J, Marusak

Z, Sharma VK (2012) Treatment of chemical warfare agents by

zero-valent iron nanoparticles and ferrate(VI)/(III) composite.

J Hazard Mater 211–212:126–130

Environ Chem Lett (2014) 12:413–417 417

123


	High-valent iron-based oxidants to treat perfluorooctanesulfonate and perfluorooctanoic acid in water
	Abstract
	Introduction
	Experimental methods
	Results and discussion
	Conclusion
	Acknowledgments
	References


