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ABSTRACT
The main objective of this study was to find a cost-effective, efficient and environmentally-friendly solution
to remove perfluorooctanic acid (PFOA) from groundwater by using Fe0 and MnO2 nanoparticles. The
selected method was expected to be applicable to the remediation of PFOA-contaminated groundwater.
Phytotoxicity of the nanoparticle treatment was studied to demonstrate the safe application of the
nanomaterials. Zero-valent Fe (100 mg L¡1) and MnO2 (100 mg L¡1) nanoparticles, produced in our lab,
were used to remove PFOA up to 10 mg L¡1. The test was conducted under visible light with or without
addition of 0.88 mol L¡1 H2O2 in a pH range of 0.5–11.0 for a duration of 18 h. Using Fe nanoparticles, a
higher percentage of PFOA was removed under extreme acidic environment of pH 0.5 than under the
basic environment of pH 11.0, and a minimum removal rate was reached under the neutral environment.
The Fe nanoparticles were more efficient than the MnO2 nanoparticles at pH 0.5 with a removal rate of
69.7% and 89.7% without and with H2O2 addition, respectively. Phytotoxicity study showed that the
treatment by Fe nanoparticles under mild pH reduced the phytotoxicity of groundwater-associated PFOA
to Arabidopsis thaliana. The Fe nanoparticles did not show negative effect to A. thaliana under the
experimental conditions used in this study.
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Introduction

Perfluorooctanic acid (PFOA) is one of the most common per-
and polyfluoroalkyl substances (PFASs) found in the environ-
ment. It has been listed as an emerging contaminant by the
Environmental Protection Agency (EPA). The EPA defines an
emerging contaminate as a chemical or material that is character-
ized by a perceived, potential or real threat to human health or
the environment or by the lack of published health standards.[1]

In previous years, due to the wide applications of PFASs in fire-
fighting foams, food packing, waterproof breathable fabrics and
Teflon products, large amounts of PFOA were released into the
air, water and soil.[1,2] PFOA moves slowly through the vadose
zone. But, due to its highly solubility, PFOA is mobile in ground-
water.[2] Several cities in the United States have found trace
amounts of PFOA in groundwater, surface water and soils, which
pose potential health threat to people. In May 2016, EPA issued a
new lifetime drinking water Health Advisory (HA) of 0.070 mg
L¡1 for PFOA, which applies to both short-term (i.e., weeks) and
lifetime-exposure scenarios.[3] By about 0.3% of public water
systems, PFOA has been measured above the new lifetime HA
level.[3] In Illinois, according to the occurrence data for the
unregulated contaminant monitoring rule 3 (UCMR 3), PFOA
has been detected in three cities with the concentrations higher
than the Minimum Reporting Levels for the UCMR. These cities
included Galesburg, Bloomington and Freeport. The samples

were collected on October 14, 2013, March 6, 2013 and December
10, 2014, respectively. PFOA was detected in Galesburg with a
maximum concentration of 0.023 mg L¡1, in Bloomington with
a maximum concentration of 0.040 mg L¡1 and in Freeport with a
maximum concentration of 0.059 mg L¡1.[4]

Though PFOA is stable to metabolic and environmental
degradation with the strong carbon–fluorine bonds, different
methods have been applied to degrade and remove this toxic
chemical. These include photochemical (ultraviolet light),
electrochemical and sonochemical methods, g-ray irradiation
and catalyzed H2O2 propagation reactions.[5–9] However, these
methods are either not easy to scale up, likely bringing potential
harmful environmental impacts, or are costly, thus impeding
their real applications. Alternative research has studied PFOA
removal by sorption. Activated carbon adsorption, including
both powder-activated carbon and granular-activated carbon
(GAC), has been studied widely. GAC is being used at several
sites for ex situ treatment of groundwater contaminated with
PFOA. Other sorbents, such as anion-exchange resin, zeolites
(microporous crystalline-hydrated aluminosilicates), multi-
walled carbon nanotubes and alumina, have also been used for
PFOA removal through sorption from water.[10–13] The
ancillary waste streams generated are needed to be treated.

Nanoparticles have been studied in depth in recent years
with their superior degradation/adsorption ability over many
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different organic and inorganic compounds. With sizes smaller
than 500 nm, highly reactive nanoscale zero-valent iron (Fe0)
has been used as a cost-effective solution and applied in situ to
remediate contaminants trapped in lower mobility zones for sub-
surface remediation.[14] Nanoscale Fe0 is effective in reductive
degradation of chlorinated methanes, chlorinated ethanes, chlori-
nated ethenes, chlorinated benzenes, trihalomethanes, pesticides,
organic dyes, other polychlorinated hydrocarbons, other organic
contaminants, inorganic anions and heavy metals.[15,16] Magnetic
nanoparticles (e.g., Fe3O4, a-Fe2O3, g-Fe2O3, and b-FeOOH),
with large surface areas, small diffusion resistance and superpara-
magnetic properties, have been used as nanoadsorbents for the
removal of organic and inorganic contaminants, such as dyes,
emerging organic contaminants, As(III), As(V), Cr(VI), Co(II),
Hg(II), PO4

3¡ and S2¡.[17–19] Fe0 has been used for contami-
nants’ (e.g., As(III), Cr(VI) and Pb(II)) adsorption removal with
the in situ formed iron (II) and iron (III) oxides/hydroxides
through an oxidative reaction of Fe0 with water and oxygen.[20,21]

Manganese dioxide (MnO2) nanoparticles, photocatalyst, have
been applied for organic and inorganic contaminants’ removal
with its properties being oxidative degradation, strong adsorption
ability, low-cost, non-toxic and ease of synthesis.[22] MnO2 has
been used to oxidize different pollutants including organics such
as phenol, fluoroquinolone and polybrominated diphenyl ethers,
and inorganics such as sulfide, As(III) and Cr(III).[23] Organics
such as dyes can also be removed through adsorption to
MnO2.

[24]

Photoreactions for pollutant degradation using photocata-
lysts under light have been widely studied. Visible light occu-
pies about 42–43% of sunlight, whereas UV light only occupies
3–5% of sunlight. Visible light is easier to be applied and has
no side effects. Either semiconductors, such as TiO2, CdS, ZnO
and Fe2O3, or non-semiconductors, such as Fe(III) complexes,
have been reported on the photocatalytic degradation of
organic contaminants.[25] The photodegradation of acid orange
7 was successfully achieved in the presence of Fe(III) under
visible light (wavelength greater than or equal to 420 nm).[26]

Efficient photodegradation of chlorophenols and rhodamine
6G was also achieved using iron oxides induced by visible
light.[27,28] Photocatalytic degradation of methylene blue using
MnO2 has been reported under visible light.[29] Excellent pho-
tocatalytic efficiency has also been shown using MnO2/Fe3O4

nanocomposite for the degradation of methylene blue under
UV–vis light (wavelength range of 350–450 nm).[30]

Fenton reaction (Fe2C/H2O2) has been studied for several
decades for its role in breaking down organic pollutants. The
Fenton-like system (e.g., Fe3C/H2O2 and Mn2C/H2O2) is also
powerful in degrading organic contaminants.[31,32] These reac-
tions are normally taken under acidic conditions with pH less
than 3.[31] With the assistance of visible light, several dyes were
reported to be degraded effectively at neutral pH in Fenton-like
systems.[31] For example, malachite green, rhodamine B and
methylene blue were effectively degraded at neutral pH with Fe
(III)-loaded resin in the presence of H2O2. Degradation of rho-
damine B using nanoscaled a-Fe2O3 in the presence of H2O2

under visible light and neutral pH has also been reported.[31,33]

Above 96.0% of methylene blue was degraded using nanoscaled
MnO2 under neutral pH and in the presence of H2O2.

[34] Fe
(III) and Mn(II) were generated in the last two cases with the

following reactions:

Fe2O3 C 3H2O! 2Fe.OH/3 (1)

Fe.OH/3 ! Fe3C C 3OH¡ (2)

2HC C MnO2 CH2O2 !Mn2C CO2 " C 2H2O (3)

Several researchers have studied the effect of iron-based
nanoparticles on degradation removal and sorption removal of
PFASs.[35,36] For PFOA, in particular, the highest removal rate
of 38% was achieved under pH 3 by 1,000 mg L¡1 of Mg
(CH3COO)2-coated Fe0 compared to about 25% removal by
uncoated Fe0, after 1 h of interaction at 20�C.[35] The PFAS
removal was due to a combined effect of sorption and degrada-
tion.[35] By using 8 mg L¡1 starch-stabilized magnetite nano-
particles and Ca2C and for the initial PFOA concentration of
200 mg L¡1, PFOA was removed by sorption at a maximum
uptake rate of 23.3 mg g¡1 at pH 9.6.[36] At pH 6.8, PFOA was
removed by sorption with a removal efficiency of 62% at equi-
librium reached after 30 min.[36]

The objective of this study was to find a cost-effective,
efficient and environmentally-friendly solution to remove
PFOA from groundwater. Fe0 and MnO2 nanoparticles were
studied for their effectiveness in PFOA removal under visible
light. Iron and manganese are naturally present in the ground-
water. The costs of both types of nanoparticles are relatively
low (e.g., »$50/kg to $110/kg for Fe0). This is comparable with
the cost of activated carbon which is the most commonly used
material for removing PFOA by adsorption in full-scale sys-
tems. Fenton-like degradation of PFOA under pH less than 3
and at neutral pH was studied and compared to the conditions
without the presence of H2O2. Adsorption of PFOA was also
studied under basic conditions using in situ formed iron (II)
and iron (III) oxides/hydroxides from Fe0 nanoparticles and
compared with the application of MnO2 nanoparticles. Phyto-
toxicity of the nanoparticle treatment was studied to test
whether the nanoparticle treatment would or would not bring
additional adverse effects to ecosystem while reducing the toxic
effect of PFOA. Arabidopsis thaliana, a common model plant
species was selected for the toxicity tests. The growth of A.
thaliana is a classical endpoint for determining the toxicity of
environmental contaminants. A. thaliana has been commonly
used to study the toxicity of nanoparticles and PFOA.[37–40]

Materials and methods

Nanoparticle production and characterization

Two different types of metallic nanoparticles, Fe0 and MnO2,
were produced through the methods employed in the literature
with modifications.[41,42] To prepare Fe nanoparticles, 1.2 g of
FeSO4¢7H2O was mixed with 0.35 g of cetrimonium bromide
(CTAB) with a magnetic stirrer in 440 mL of deionized water
under nitrogen environment to prevent oxidation. While under
stirring, 0.33 g of NaBH4 was dissolved in 10 mL of deionized
water and was added drop by drop to the solution. Reaction 1
occurred generating thick black foams [Eq. (4)]. After about
15 min of stirring, the Fe nanoparticles were allowed to precipi-
tate for 15 min. The precipitate was then quickly washed six to
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seven times in acetone. For the preparation of the MnO2 nano-
particles, 0.5 g of KMnO4 was dissolved in 60 mL of deionized
water. After dissolving, 0.11 g of CTAB was added to the mix-
ture followed by 5.5 g of polyethylene glycol under constant
stirring. The mixture was stirred for 5 min which followed
ultrasonication at 20 kHz for 20 min with 80% amplitude.
Reaction 2 occurred [Eq. (5)] and the precipitates were washed
with deionized water several times followed by ethanol thrice,
then dried at 105�C overnight. The nanoparticles were dried
out before using. For Fe nanoparticles, nitrogen was purged
during the drying process.

FeSO4 C 2NaBH4 C 6H2O! Fe# C 7H2 " C 2B.OH/3 CNa2SO4

(4)

KMnO4 C H¡ .O¡CH2 ¡CH2/n ¡OH��������������������!Ultrasonication
MnO2 (5)

Acetone was used to disperse and transfer the Fe0 and MnO2

nanoparticles to a conductive carbon tape placed on a graphite
plate. After the sample was dried, gold was sputter-coated on
the surface of the MnO2 nanoparticles to increase the conduc-
tivity of the sample. The nanoparticles were characterized by
scanning electron microscopy (SEM, FEI Quanta FEG 450)
with an energy-dispersive X-ray spectroscopy (EDS) detector.
The size and morphology of the nanoparticles were recorded.

Nanoparticle removal of PFOA

Fe0 and MnO2 nanoparticles were sonicated at 20 kHz for
30 min for proper dispersion of the nanoparticles and a final
concentration of 100 mg L¡1 of the nanoparticles was reached
to treat 10 mg L¡1 of PFOA under visible light. Up to 10 mL of
the PFOA solution was used in the test. The influence of pH
was studied by adjusting the pH of the solution to either 0.5 or
11.0 using HCl or NaOH. A condition of pH 0.5 was selected
as Fenton-like reactions are normally conducted under acidic
conditions with pH less than 3. The extreme acidic condition
was used to maximize the reactivity brought by the nanopar-
ticles. A high pH value of 11.0 was selected as more precipitates
containing iron (II) and iron (III) oxides/hydroxides were
formed with the increase in the pH value. The extreme basic
condition was adopted to maximize the adsorption ability of
the precipitates formed from the nanoparticles. The acidic and
basic conditions were also compared with the original pH con-
ditions after the nanoparticles’ addition. Effects of H2O2 on the
removal of PFOA were also investigated using a concentration
of 0.88 M. Samples were stirred at 200 rpm for 18 h. The pre-
cipitates were removed by centrifugation at 4,000 rpm for
10 min. Then, the pH of each sample was adjusted to 7.0 for
the instrumental analysis. Out of 10-mL sample in the 15-mL
polypropylene reaction tube, 2 mL was transferred to the 2-mL
polypropylene centrifuge tube after thorough mixing. The sam-
ples were centrifuged at 14,000 rpm (Eppendorf MiniSpin plus
Microcentrifuge) for 20 min to further remove nanoparticles in
the solution. An aliquot of 10 mL of the supernatant from each
solution was transferred to 490 mL of methanol in a VWR filter
with a 0.2-mm nylon membrane. The VWR filter was then cen-
trifuged at 3,000 rpm for 5 min. The filtered solution was

transferred to a liquid chromatography vial. PFOA in deionized
water without nanoparticles’ addition under dark environment
was used as control. Other control experiments without using
Fe0 and MnO2 nanoparticles were also performed to exclude
the effect not brought by the nanoparticle/light system. These
experiments include tests under light with H2O2, and tests
under dark without and with H2O2 at pH 0.5, 7.5 and 11.0,
respectively. The experiments were performed at room temper-
ature. Duplicate experiments were performed for all the analy-
ses. An Agilent 1260 HPLC (Agilent Technologies, Santa Clara,
CA) interfaced with a 3200 Q trap triple quadrupole/linear ion
trap mass spectrometer (AB Sciex; Toronto, Canada) and with
an electrospray ionization detector was used to determine
the PFOA concentration. A Kinetex column (5 mm EVO
C18 100 A

�
, 2.1 £ 100 mm) was used for the LC–MS/MS

analysis.

Phytotoxicity test

Fe0 nanoparticles up to 100 mg L¡1 were added to 10 mg L¡1 of
PFOA. The Fe nanoparticles were sonicated using 80% ampli-
tude for 10 min before addition to PFOA solution. The pH was
adjusted to 0.5, 7.0 and 11.0 using HCl or NaOH. After 18 h
shaking at 200 rpm under visible light, the pH was adjusted to
7.0, the solution was centrifuged at 4,000 rpm for 10 min and
the supernatant was collected to study its toxicity to A. thaliana.
The cultivation medium used for A. thaliana was the Murashige
and Skoog (MS) basal medium 4.3 g L¡1 and agar 7.0 g L¡1.
The mediumwas added to the collected supernatant after centrifu-
gation. A cultural medium with or without the addition of 10 mg
L¡1 of PFOA was used as negative and positive controls, respec-
tively. To study the effect of NaCl brought in by the pH adjustment
on the growth of A. thaliana, 18.5 g L¡1 and 58.5 mg L¡1 of NaCl
were added to the cultural medium to represent the NaCl concen-
trations under pH 0.5 and pH 11.0 conditions, respectively. The
cultural medium was autoclaved at 121�C for 15 min. The seeds of
A. thalianawere treated with 8.25% NaClO for 10min and washed
with deionized water for five times before planting on the agar
plates. The plates were placed at 4�C under dark for 24 h. A condi-
tion of 12-h light and 12-h dark was used for the plant cultivation
for two weeks at room temperature. Fe nanoparticles up to 100 mg
L¡1 were also used directly to study its potential toxicity toA. thali-
ana. The effect was compared to Fe-nanoparticle-treated PFOA
under neutral pH. Dynamic light scattering (DLS) and inductively
coupled plasmamass spectrometry (ICP-MS) tests were conducted
to test the size distribution of Fe nanoparticles and the concentra-
tion of Fe before and after centrifugation in these different samples.
TheMSmediumwas added to the suspension and agar plates were
prepared to cultivate A. thaliana using the aforementioned
method.

Results and discussion

Nanoparticle removal of PFOA

The sizes of the Fe0 and the MnO2 nanoparticles produced in
this study was around 100 nm (Fig. 1). EDS showed that iron
or manganese were the major element in the produced nano-
particles (Fig. 2). The PFOA removal test showed that the Fe0
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nanoparticles were more effective than the MnO2 nanoparticles
in the acidic environment with the removal rate of 69.7% com-
pared to 33.1% (Fig. 3). Using Fe0 nanoparticles, a higher
percentage of PFOA was removed under the acidic environ-
ment than under the basic environment, and a minimum
removal rate was reached under the neutral environment. The
removal rate for PFOA was 42.6% and 32.2% using Fe0 nano-
particles under pH 11.0 and pH 7.5, respectively (Fig. 3). With
MnO2 nanoparticles, PFOA was maximally reduced at pH 11.0
of 43.4%, and 30.2% of POFA removal was reached at pH 8.8
(Fig. 3). H2O2 increased the PFOA removal at acidic environ-
ment with a maximum removal rate of 89.7% using Fe0 nano-
particles and 56.9% using MnO2 nanoparticles, which was
20.0% and 23.8% higher than in water for Fe0 and MnO2 nano-
particles, respectively (Fig. 3). Under neutral and basic condi-
tions, the addition of H2O2 did not exhibit an apparent
promotional effect on the removal of PFOA. The removal rate
for PFOA was 38.7% and 10.2% at pH 11.0 and pH 7.5 using

Fe0 nanoparticles, and 35.9% and 35.7% at pH 11.0 and pH 7.5
using MnO2 nanoparticles, respectively (Fig. 3).

It was hypothesized that both degradation and adsorption
contributed to the removal of PFOA in this study. Under acidic
environment, the iron nanoparticles were dissolved into water to
form Fe2C. In the presence of oxygen, Fe2C was oxidized further
to Fe3C. Without the presence of H2O2, PFOA may be oxidatively
degraded by light-induced electron transfer from PFOA to Fe3C

or to MnO2.
[43] PFOA may also be reductively degraded when

Fe0 was oxidized to Fe2C.[35] Reductive degradation was the pro-
cess for the degradation of halogenated hydrocarbons, especially
chlorinated solvents. Though the carbon–fluorine bond is stron-
ger compared to the carbon–chorine bond, it might still be possi-
ble for iron nanoparticles to break the carbon–fluorine bond, due
to the strong reductive property of nanoiron. Further experiments
are needed to analyze the degradation products and to test the
formation of F¡ in order to verify the hypothesis. Using a high
concentration of H2O2 of 0.88 M, and initiator of soluble

Figure 1. Morphology of (a) Fe0 and (b) MnO2 nanoparticles prepared in this study.

Figure 2. EDS of (a) Fe0 and (b) MnO2 nanoparticles.
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Fe3C generated under acidic conditions or initiator of Mn2C gen-
erated from MnO2, the propagation reactions were started and
different reactive oxygen species (ROS) could be generated to
degrade PFOA. These ROS includes hydroxyl radical (¢OH), per-
hydroxyl radical (HO2

�), superoxide radical anion (O2
�¡) and

hydroperoxide anion (HO2
¡).[9,44] These radical species may

facilitate the oxidative degradation of PFOA. For MnO2, more
complex reaction pathways exist when H2O2 was present. MnO2

can first react with H2O2 to form Mn2C. Mn2C can be further
used to propagate the Fenton-like reaction under acidic environ-
ment or to form Mn(II), Mn(III) and Mn(IV) oxides/hydroxides
under neutral and basic pH conditions. Under neutral and basic
conditions, Fenton-like reactions are normally restricted, and
light-induced reactions and reductive reactions brought by Fe0

nanoparticles may dominate the reaction mechanism. In the pres-
ence of visible light, both semiconductors such as Fe2O3 and
MnO2 under neutral and basic pH and ions such as Fe(III) and
Mn(II) under acidic pH in the present study may photocatalyti-
cally degrade PFOA. In the presence of both visible light and
H2O2, PFOA was also possible to be degraded under neutral pH
when ions such as Fe(III) or Mn(II) were in the solution. With
the increase in the pH and the decrease in the solubility of metal
ions in the solution, more oxide/hydroxide precipitates were
formed from the Fe0 and MnO2 nanoparticles. Having a very
large specific surface area, these precipitates may adsorb PFOA
on its surface to remove the chemical from the solution.[45,46]

More PFOA may be removed through the adsorption pathway
under basic environment compared to neutral condition. In short,
in a complex aqueous system of PFOA and nanoparticles/light/
H2O2, degradation removal dominated under acidic environment,
and both degradation and adsorption removal could take place
under neutral and basic conditions. To further verify these
assumptions, more experiments which investigate reaction prod-
ucts are needed. The precipitates should also be washed by

organics to prove the adsorption of PFOA on its surface. Research
is underway in our lab to discover the mechanism.

Control experiments without using Fe0 and MnO2 nanopar-
ticles showed that at pH 11.0, up to 4.0% PFOA removal was
obtained for all cases. This was greatly lower than 35.9–43.4%
removal at pH 11.0 by using Fe or MnO2 nanoparticles. At pH
0.5, 6.3% of PFOA was removed with H2O2 under light and
10.8% was removed with H2O2 under dark. This was low com-
pared to 89.7% and 56.9% removal with Fe and Mn nanopar-
ticles, respectively, at acidic conditions under light. At pH 0.5
under dark, 15.2% of PFOA removal was noticed without using
H2O2. This was still lower than the 69.7% and 33.1% removal
using Fe and MnO2 nanoparticles, respectively, without using
H2O2 under light. These results indicated that a small amount
of PFOA was possibly adsorbed onto the polypropylene tube
during the 18-h test period under dark. Further experiments
are needed to verify this hypothesis. While as the current exper-
iment was conducted under light, the influence by the tube
adsorption, if any, seems minimal compared to the effects
brought by the nanoparticles under light. Overall, the control
experiments demonstrated that the nanoparticle/visible light
system facilitated the PFOA removal in this study.

Phytotoxicity study

As an advanced PFOA removal efficiency was demonstrated
when using Fe nanoparticles compared to MnO2 nanoparticles,
Fe nanoparticles were used for the phytotoxicity study. The phy-
totoxicity study showed that the initial concentration of 10 mg
L¡1 of PFOA inhibited the growth of A. thaliana (Fig. 4a and b).
The result was consistent with a recent study by Yang et al.,[37]

Figure 3. PFOA removal under different pH using (a) Fe and (b) MnO2 nanopar-
ticles with or without assistance of 0.88 M of H2O2.

Figure 4. Phytotoxicity of nanoparticle treatment of PFOA on the growth of
Arabidopsis thaliana. (a) Without PFOA, (b) with 10 mg L¡1 PFOA, (c) pH D 11.0
treatment of 10 mg L¡1 PFOA, (d) pH D 0.5 treatment of 10 mg L¡1 PFOA and
(e) with 18.5 g L¡1 of NaCl.
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where PFOA concentrations greater than 7.5 mg L¡1 in agar
plates affected the growth of A. thaliana. Our study also showed
that the Fe nanoparticles’ treatment at pH 7.5 and 11.0 reduced
the phytotoxicity to A. thaliana of the PFOA-contaminated
water, while the Fe nanoparticle treatment at pH 0.5 resulted in
no growth of A. thaliana (Fig. 4a, c and d). As HCl and NaOH
were used in this study to adjust the pH, higher NaCl concentra-
tions were generated with more extreme pH treatments. Our
study showed that 58.5 mg L¡1 of NaCl did not apparently affect
the growth of A. thaliana, which corresponded to a treatment
pH of 11.0, while no germination was found for NaCl concentra-
tion of 18.5 g L¡1, which represented a treatment pH of 0.5
(Fig. 4e). This indicated that if a proper pH was selected for
PFOA treatment using the Fe nanoparticles, it could reduce the
toxicity of the public water brought by PFOA.

Fe nanoparticles were also tested for its toxicity to A. thali-
ana. An agar plate test showed that Fe nanoparticles up to
100 mg L¡1 did not adversely affect the growth of A. thaliana
compared to the slight adverse effect brought by Fe-nanoparti-
cle-treated PFOA under neutral pH (Fig. 5). ICP-MS tests
showed that centrifugation at 4,000 rpm reduced the Fe concen-
tration in Fe-treated PFOA to 32.5 mg L¡1. Centrifugation also
reduced the average Fe particle size in the Fe-treated PFOA sus-
pension to 95–199 nm compared to 267–1396 nm for the Fe
nanoparticles’ suspension after the 18-h shaking period (Fig. 6).
These results indicated that the Fe nanoparticles were aggregated
during the 18-h shaking duration, and centrifugation at

4,000 rpm removed the bigger Fe particles and about 67.5% of
the Fe in the suspension. It also indicated that PFOA performed
as a dispersing or capping agent to prevent nanoparticles from
aggregation as the size range of the nanoparticles with PFOA
was smaller than the size range without PFOA. Though the
reduced size of the nanoparticles might change its effects to A.
thaliana, this result supported the adsorption removal of PFOA
by using the Fe nanoparticles. With the bigger size of Fe particles
and increased concentration of Fe, the cultural medium pro-
moted the growth of A. thaliana in this study.

Conclusion

A cost-effective and environmentally-friendly method was
developed in this study to treat groundwater contaminated by
PFOA. Several conclusions were advanced based on the experi-
ments conducted in this study.

1. Fe0 and MnO2 nanoparticles were successfully produced
in our lab. The nanoparticles were spherical-shaped and
the diameters of the particles were around or less than
100 nm in this study.

2. Fe0 and MnO2 nanoparticles showed effective removal
for PFOA under visible light. Higher removal was
obtained under extreme acidic environment. Highest
removal rates of 69.7% and 89.7% were obtained at pH
0.5 without or with the assistance of H2O2 when using Fe
nanoparticles. At neutral and basic pH environment,
removal rates of 32.0–43.0% were obtained. With the
cost of »$50/kg to $110/kg for Fe0 and the low treatment
amount used in this study, the nanoparticle/light treat-
ment is a cost-effective treatment method for PFOA
removal.

3. Nanoparticle treatment under pH as high as 11.0 could
reduce the phytotoxicity to A. thaliana brought by
PFOA. Fe nanoparticles of 100 mg L¡1 did not show
toxic effects to the growth of A. thaliana. Based on the
treatment result and the phytotoxicity study, mild pH
levels can be selected in groundwater treatment to make
the treatment practical, effective and environmentally-
friendly.
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