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David Nadler
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Abstract: The degradation of the persistent compound perfluorooctanoic acid (PFOA) in water by

ultraviolet light in the presence and absence of hydrogen peroxide was examined. A laboratory

experiment was designed to answer the question: is UV spectrophotometry feasible for PFOA

research? Spectrophotometry was able to measure the degradation of PFOA, but a very high

concentration was required. The 1 mg/L used is very concentrated when compared to the 70

ng/L suggested level in drinking water. A UV/Visible diode array scanning spectrophotometer

was used to measure changes in PFOA concentrations after 15-minute exposures to ultraviolet light

and ultraviolet light with hydrogen peroxide. A noticeable drop in concentration was measured for

a 1 mg/L sample. The reaction kinetics were calculated and are likely skewed due to the greater

concentration of experimental PFOA. These preliminary results will allow for the next phases of PFOA

research to commence, including confirmation through liquid chromatography/mass spectrometry

of low concentrations and developing bioremediation techniques.

Keywords: spectrophotometry; PFOA; UV; oxidation

1. Introduction

Perfluorooctanoic acid (PFOA) is a manufactured contaminant that differs in several ways from

many other well-studied organics found in drinking water [1]. It is one of several types of chemicals

considered perfluoroalkyl and polyfluoroalkyl substances (PFAS). Due to the strong bonding between

the carbon and fluorine atoms (565 kJ/mol) [2], PFOA is extremely resistant to environmental

degradation processes and persists indefinitely [3,4]. PFOA is water-soluble halogenated organic

(Figure 1) that bonds poorly to soils [5]. It has been detected in drinking water sources which have

been compromised by industrial loading, wastewater treatment plants, and in bodies of water with no

known point sources [6–8] and some of its key attributes are presented in Table 1.

Table 1. Selected Parameters of PFOA [9].

Parameter Parameter Value

Chemical Abstracts Services (CAS) Number 335-67-1

Molecular Weight 414.07 g/mol

Physical Description White powder with pungent odor

Boiling Point 192°C

Melting Point 55 °C

Solubility in Water 2290 mg/L at 24 °C

pKa -0.5 to 4.2
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Figure 1. Perfluorooctanoic acid (PFOA)

The very low concentrations of PFOA in the environment are difficult for smaller research

laboratories to mimic the exact mechanisms of its chemical reactions in soil and water sources. This

preliminary study is intended to provide some guidance to other smaller research laboratories in

methods to study the fate analysis of this persistent chemical. Studies borne from this one will likely

take a number of years to complete, so let this serve as a starting point.

2. Literature Review of PFOA Removal Techniques

Studies often combine several PFAS molecules into analysis whereas this one is solely concerned

with PFOA. UV treatment of PFAS has shown a 17 percent removal, considered low compared to other

treatments [10]. Dai’s experiments used a residence time of 20 minutes, twice as long as this study’s

time of contact. The Dai study found a 73% removal of PFAS using a combined UV/ozone treatment.

Rather than breaking down the molecule, Dai and colleagues forced PFAS out of solution through air

fractioning.

Ion exchange has shown promising effectiveness for PFAS removal in water. Complete removal

of the contaminant, along with 60 percent dissolved organic carbon, has been achieved [11]. Dixit used

an alkaline resin to uptake PFOA in waters with background organic matter.

Activated carbon has shown to be effective for the removal of PFAS compounds in water. A

major drawback to this treatment system is that the carbon filters require such frequent changes or

regenerations that it is not feasible [12]. Franke demonstrated the reduction in PFOA removal efficiency

from low bed volumes higher ones. In another study, Franke reached a 70% removal efficiency of PFAS

from tap water utilizing ozonation [13].

Photocatalytic decomposition of PFOA is able to achieve a 93% efficiency using a titanium

oxide/reduced graphene oxide [14]. Gomez-Ruiz and colleagues found this degradation mechanism

which provide a significantly higher efficiency than by the use of UV alone (<60%). Their use and

results of a medium pressure mercury lamp are aligned with our results.

Degradation of PFOA in wastewater sludge is achievable through microwave exposure and

persulfate treatment [15]. Hamid and Li used a 0.1 g persulfate to 1 g sludge dose treatment at

50 and 70 °C and found a decreasing PFOA trend with increasing temperature, with 28 and 42%

removal following a 4 hour treatment, respectfully. Lower temperatures resulted in significantly

lower PFOA degradation rates. Degradation products included perfluorobutanoic acid (PFBA) and

perfluorohexanoic acid (PFHxA) (Figure 2).

Figure 2. PFOA degradation compounds, PFBA and PFHxA.

Compared to a direct UV exposure, the addition of H2O2 was less effective in PFOA

decomposition [16]. The addition of a water-soluble tungstic heteropolyacid photocatalyst,

H3PW12O40, resulted in complete PFOA degradation according to Hori. Even after degradation,
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the photocatalyst remained active and further degraded additional PFOA added to the reaction

solution.

PFOA is capable of being removed from water via ex situ treatment, including reverse osmosis,

ion exchange, and granular activated carbon [17,18]. Sonic treatment uses an acoustic field to generate

chemical reactions in a solution. Sound waves collapse the bubbles in the solution, resulting in high

vapor temperatures and pyrolytic decomposition of PFASs at the bubble-water interface [19].

Ultrasonic (20 to 1000 kHz) and megasonic (> 0.5 MHz) treatment of PFAS compounds resulted

in the half-life of PFOA to under two hours under an air atmosphere with the concurrent production

of shorter-chain PFAS [20].

Ross and colleagues analyzed the various PFAS treatment technologies for water and developed

the following based on development stage and practicality (Figure 3). Photolysis and advanced

oxidation are considered as experimental technologies with a practicality that is still too early to

determine its viability.

Figure 3. Ross and colleagues’ PFAS treatment technologies for water [21].

3. Methodology

3.1. Equipment

This study tested a small-scale treatment of PFOA through UV and UV/oxidation exposures.

Perfluorooctanoic acid (PFOA, 96%, CAS 335-67-1, 5 g, part number 171468-5G) and hydrogen peroxide

(H2O2, 30%, CAS 7722-84-1, 500 mL, part number H1009-500ML) were purchased through Sigma

Aldrich. A 1 mg/L of PFOA and 30 mg/L of hydrogen peroxide stock solutions were prepared and

used when their temperatures were measured at 22 °C.

A Jenway 7205 UV/Visible 7205 Diode Array Scanning Spectrophotometer was used to measure

the absorbance of each sample. This unit has a range of 198 to 800 nm with an accuracy of ±2 nm.

The sampling range used was from 200 to 400 nm since PFOA absorbs in the ultraviolet region of the

light spectrum. The unit was zeroed with Type 1 ultrapure water generated by a Millipore Direct-Q

Water Purification System with UV. This water reaches a sensitivity of 18.2 MΩ·cm and a total organic

compound concentration below 5 ppb.

A Pelican PUV-8 UV Disinfection System provided the lighting and chamber for sample exposures.

The UV lighting is part of an NSF Certified Class B Disinfection System which is designed for

supplemental bactericidal treatment of drinking water supplies that have been deemed acceptable for

human consumption [22]. The lamp is rated at 16 mJ/cm2 and 40 watts.
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3.2. Solutions

The 1 mg/L solution of PFOA was created by dissolving 1 mg of 96% PFOA into 960 milliliters of

ultrapure water. This concentration may also be expressed as 2.4 mM. Solutions varied between 5.5

and 5.6 pH levels.

1 mg PFOA × 0.96

0.96 L H2O
= 1

mg

L
PFOA

A 30 mg/L solution of hydrogen peroxide was prepared from a 30% stock solution (300,000

mg/L). A two-step dilution was employed to achieve this. One milliliter of the 30% H2O2 was added

to ultrapure water until there was a one-liter total volume.

C1V1

C2
= V2 = 300

mg

L
H2O2

One milliliter of the 300 mg/L H2O2 was then diluted into purified water to make a 10 mL

volume to create the 30 mg/L H2O2. When 0.1 mL of hydrogen peroxide was added to the 15 mL

PFOA solutions, the peroxide’s concentration was measured at 0.2 mg/L.

3.3. Sample Blanks

The unit was zeroed with Type 1 ultrapure water to reach the operation baseline between 200

and 500 nm. This water had a sensitivity of 18.2 MΩ·cm and a total organic compound concentration

below 5 ppb.

3.4. Benchtop Setup

A 15 ml PFOA sample was put in a quartz test tube and then placed within the disinfection

system’s chamber for UV exposure analyses (Figure 4). Samples were always submerged withing the

water-filled chamber and in full contact with the UV lamp. Each sample remained in the chamber for

15 minutes. Upon removal, they were placed in a test tube rack until the sample temperature reached

22 °C.

Figure 4. Schematic of sample setup

Samples were placed in cuvettes and then their absorbances were measured from 200 to 400 nm.

Absorbance and wavelength data were exported into a ª.txtº file and then imported into Excel.
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4. Results

4.1. PFOA

Three solutions of PFOA were prepared from the 1 mg/L stock solution at concentrations of 0.25

mg/L, 1 µg/L, and 1 ng/L. The UV-vis spectra for these are presented in Figure 5. EPA has set a health

advisory level at 70 parts per trillion (70 ng/L) [23], resulting in these used concentrations to not be

practicable for public health interpretations. At the ng/L level, the spectrum loses its focus. The 0.25

mg/L and 1 µg/L samples still maintain a defined, yet noisy shape, but as they are magnitudes of

order higher than what would be found in bodies of water, spectrophotometry is not appropriate

for public health analyses. Some of the noise may be the result of intermediate and final breakdown

products [24].

Figure 5. UV-vis spectra of PFOA.

4.2. 1 mg/L PFOA Solution

The 1 mg/L stock solution of PFOA (2.4 mM) was used as the control sample for the exposure

experiments. Its spectrum is presented in Figure 6 as the blue line with a peak absorbance (0.332) at

222 nm.

4.3. 1 mg/L PFOA with UV Exposure

A sample from the control solution was placed under a 16 mJ/cm2 UV light for a contact time of

15 minutes. Its spectrum is presented in Figure 6 as the black line with a peak absorbance of 0.213 at

220 nm. The new concentration was calculated using the peak absorbance wavelength from the stock

PFOA. This represents a 34% decrease in PFOA concentration after this exposure.

C1Abs1 = C2Abs2

C2 =
C1Abs1

Abs2
=

2.4 mM × 0.323

0.213
= 1.58mM

η =

(

1 −
C1

C2

)

× 100 = 34%

4.4. 1 mg/L PFOA with UV and Hydrogen Peroxide Exposure

A sample of PFOA in the presence of 30 mg/L hydrogen peroxide was placed under the 40 watt,

16 mJ/cm2 UV light for a contact time of 15 minutes. Its spectrum is presented in Figure 6 as the green
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line with a peak absorbance at 220 nm. There was negligible difference from the exposure solely with

UV exposure (0.213 absorbance).

Figure 6. PFOA spectra under varying conditions.

4.5. Rate of Degradation and Half Life

The first-order reaction rate (k) was calculated as 2.78 x 10−2. This falls in between Giri and Chen

& Zhang’s [25] first order calculations (3.37 x 10−3 and 0.0016 minute−1, respectively).

k = −

ln [PFOA]t
[PFOA]start

t

The half life t(1/2) was calculated as 24.93 minutes which is significantly different from Giri’s

208.43 minutes. One factor for this may be the different type of tube surrounding the UV lamp. This

experiment used a quartz sleeve whereas Giri used a fused silica one. The difference is that fused silica

is a manufactured non-crystalline silica whereas quartz is made from natural crystalline silica [26–28].

Fused silica provides a significantly higher transmission of UV light in comparison to quartz [26,28].

t(1/2) =
ln 2

k

5. Discussion

5.1. Degradation of PFOA

Photolysis and advanced oxidation of perfluoroalkyl and polyfluoroalkyl substances (PFAS) are

still considered to be experimental technologies. More developed methods, such as reverse osmosis and

activated carbon, are feasible for the removal of PFAS but they do not degrade them. Ultraviolet and

advanced oxidation treatments of PFOA present technologies that may be effective in the degradation

of this persistent substance.

Our laboratory results provide data for a 34% drop in PFOA concentration after a 15-minute UV

exposure, with and without the presence of a 30 mg/L solution of hydrogen peroxide. Measurements

did not show any significant difference between samples with and without H2O2. This outcome agrees

to what was found in literature review. Giri provides a mechanism for the degradation of PFOA,

with products and by-products including formic acid, acetic acid, fluoride, and unknown compounds

(Figure 7) occurring at different exposure times [24].
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Figure 7. Mechanism of PFOA degradation, not to time-scale.

5.2. Kinetics

A number of first order reaction kinetics have been conducted in previous research studies

[16,24,25]. This study’s k value differs from the other studies; however, all of the studies vary from

each other. The first order reaction rate is dependent upon PFOA concentrations and time. These

variables were not equal across studies. Ours and Giri’s provided the same starting concentration, but

exposure time varied. The time used in this investigation was much shorter than Giri’s which resulted

in a skewing of the final k value. The difference in UV lamp sleeve composition may have acted as a

confounding factor since material type affects light transmittance.

5.3. Half Life

The half life in this experiment was almost a full order of magnitude lower than other reported

half lives. The first order reaction rate calculated is directly responsible for the outcome. Factors

affecting this outcome are the ones posed in Kinetics above.

6. Conclusions

UV spectrophotometry is feasible to measure changes in PFOA concentrations in a research

laboratory environment under the assumption that the concentration is many magnitudes higher than

what presents contaminant levels in drinking water supplies. At the nanogram per liter level, the PFOA

spectrum appears as noise but we do get a clearer output at the milligram per liter level. The noise

may indicate absorbance peaks for degradation products from the mechanism presented as Figure 6.

UV spectrophotometry may be a cost- and time-effective option in researching degradation techniques

when compared to others such as HPLC and its usage should be used after careful consideration.

7. Limitations

Concentrations of PFOA were used that would likely not be found in the environment. These

findings are based upon 1 mg/L samples whereas drinking water supplies are recommended to

not exceed 70 ng/L. Spectrophotometers cannot detect such low concentrations so costly analytical

equipment such as HPLC and MS are usually utilized [18,29–33]. Kinetic rates that we calculated are

likely skewed with longer times since the concentrations of chemicals are higher than what we would

expect in the environment [2].

Sample contact time had no variation, so these results present only what occurred for a 15-minute

exposure. Further studies would necessitate several exposure times for a given concentration so that

the UV exposure technology can be updated in Ross’ diagram of development and practicality for

PFAS treatment options.

Oxidation was tested using a very low concentration of hydrogen peroxide of 0.2 mg/L. Other

research states the lack of difference between photolysis and photolysis-oxidation, such as what

was found in this study, but concentrations used were not explicit. Further studies should vary the

peroxide’s concentration across controlled contact and exposure times in order to see a possible shift

between the spectra.
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