
Remediation of water from per- and poly-fluoroalkyl 
substances (PFAS) with advanced oxidation processes: a 

comparative study of ozonation and photocatalysis
Anastasios Melitsiotis1,2, Konstantinos Christodoulis1,2, Michalis Karavasilis1,3, Nadia Bali1, Maria 

Theodoropoulou1, Christos Tsakiroglou1

1 Foundation for Research and Technology Hellas, Institute of Chemical Engineering Sciences 
(FORTH/ICE-HT), 26504 Patras, Greece

2 University of Patras, Department of Physics, 26504 Patras, Greece
3 University of Patras, Department of Chemistry, 26504 Patras, Greece



• PFAS are persistent pollutants (AFFFs, coatings textiles etc.)

• Widespread pollution of vadose zone and groundwater by PFAS

• PFAS are surfactants and may generate foams and emulsions

• Intrusion in the food chain and human body with harmful health effects

• Fixed System Testing
• Mobile Firefighting Equipment Testing
• Training Exercises
• Emergency Firefighting Operations

Water pollution by PFAS

Presenter Notes
Presentation Notes
Per- and polyfluoroalkyl substances (PFAS) are a large, complex group of synthetic chemicals that have been used in consumer products around the world since about the 1950s. They are ingredients in various everyday products. For example, PFAS are used to keep food from sticking to packaging or cookware, make clothes and carpets resistant to stains, and create firefighting foam that is more effective.
One major source of local PFAS release to the environment can be firefighting foams
Firefighting foam is applied by mixing foam concentrate and water to make the firefighting foam solution, which contains a percent of fluorinated surfactants in mixture. When applied to a fire, the foam solution is aerated at the nozzle, yielding finished firefighting foam. Thousands of gallons of foam solution may be applied during a given event. The figure illustrates the use of firefighting foam, how it may be released to the environment, and potentially affected media. Once released to the environment, Aqueous film forming foams can contaminate soil, surface water, and groundwater.




• PFOA and three-distilled water were used to prepare stock solutions of desired concentration.

• ZnO photocatalytic nanoparticles were synthesized and immobilized on various non-porous  
beads  by dip-coating in aqueous solutions of salts and thermal annealing.

Soda-lime glass beads without and with Fe-
doped ZnO particles

Duranit (80 % SiO2-20% Al2O3) beads 
without and with ZnO particles 

Synthesis and immobilization of photocatalysts

Karavasilis and Tsakiroglou, Can. J. Chem. Eng.,1-18 (2021). DOI: 10.1002/cjce.24199
Karavasilis et al., Nanomaterials, 12, 69 (2022). https://doi.org/10.3390/nano12010069
Karavasilis et al., IOP Conf. Series: Earth and Environmental Science 1123 (2022) 012082. DOI: 10.1088/1755-1315/1123/1/012082  

Presenter Notes
Presentation Notes
ZnO photocatalytic nanoparticles were synthesized and immobilized on various non-porous Duranit (80 % SiO2-20% Al2O3) beads by dip-coating in aqueous solutions of salts and thermal annealing (A).
ZnO photocatalytic nanoparticles were also doped with Fe2O3 by the same procedure.


https://doi.org/10.3390/nano12010069


Spectophotometric (UV-Vis) determination of PFAS

• Collection of 4 mL PFOA aqueous solution
• Add 2mL Citrate buffer 0.01 M
• Add 2 mL Methylene Blue solution 0.001 M
• Add 20 mL of chloroform
• Mixing in funnel
• Moderate shaking for 15 min
• Centrifuging at 6000 rpm 
• The aqueous layer was aspirated 
• the absorbance of the chloroform layer was measured at the maximum absorbance(652 nm) 

with UV-VIS.



Recycle 
tank

Peristaltic 
pump

Photocatalyst-coated 
soda lime beads

Glass housing

UV-Lamp (254 nm)

UV-source

Coiled spring 

Photocatalytic degradation of PFAS

Presenter Notes
Presentation Notes
Photocatalyst-coated beads were packed into the
annular area of the reactor, and a UV lamp (254 nm) was installed within a glass
protective container that was positioned vertically along the central axis of the reactor. For
the photocatalytic degradation of PFAS, the aqueous solution was recirculating between the
photo-reactor and an external tank with the aid of a peristaltic pump. The temperature, pH,
and redox potential were measured on-line with sensors placed inside the external tank. 
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Mass balance in fixed-bed reactor

Mass balance in recycling tank

Local heterogeneous reaction rate 

Hydrodynamic dispersion 
coefficient in porous medium 

𝐶𝐶𝑅𝑅 𝑡𝑡, 𝑧𝑧 : PFOA concentration in aqueous phase (kg/m3)
DL: longitudinal dispersion coefficient (m2s-1)
F: porous medium electrical formation factor
u0=Q/(φΑ): average pore velocity (m s-1)
φ : bed porosity
ρ: solid substrate density (kg m-3)
Q: volumetric rate (m3 s-1)

rph: PFOA photocatalytic reaction rate (kg m3 s-1)
k’: heterogeneous reaction kinetics (m3 kg-1 s-1)
CT(t): MB concentration in recycle tank
VT: volume of recycle tank
CR(t,z=L): PFOA concentration in the effluent
Wcat: catalyst mass
Msub : substrate mass

Modeling the transport and reactive processes in 
photoreactor

Karavasilis et al., Nanomaterials, 12, 69 (2022). 
https://doi.org/10.3390/nano12010069
Karavasilis et al., Chem. Eng. Res. & Des. 195 (2023) 490–507. 
https://doi.org/10.1016/j.cherd.2023.06.014

https://doi.org/10.3390/nano12010069
https://doi.org/10.1016/j.cherd.2023.06.014


Catalyst: ZnO nanoparticles 
immobilized on Duranit beads

Catalyst: Fe-doped ZnO
nanoparticles immobilized on soda 
lime beads

Inverse modeling and parameter estimation



PFAS ozonation - experimental setup

Presenter Notes
Presentation Notes
All experiments were conducted in semi-batch mode in a stainless steel cylindrical column of 3 cm inner diameter and 50 cm height. A fixed volume of 250 mL from the aquatic solution was packed in the column The ozone was produced by injecting in an ozone generator pure oxygen at flow rate ranging from 0.1 and 0.2L/min, regulated by a mass gas flow controller. To confirm the absence of moisture and dust the oxygen passed through a HEPA filter and a silica gel column. The ozone rich gas was injected in the column through a porous cylindrical diffuser adapted at the bottom of the column. The ozone concentration in injected and exhausted gases was monitored on-line with a PC-controlled ozone analyzer. During the experiment the aquatic solution’s temperature, pH, ORP and dissolved ozone were monitored with sensors, and transmitted to PC for storage via a data-acquisition system. The entire system was placed under a fume hood for safety reasons. Liquid samples of 4mL were collected from several sampling ports placed across the side of the column every 1h.



PFOA ozonation - results

Q=0,1ml/min Q=0,2ml/min
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Modeling the PFAS ozonation in bubble flow reactor
Tank-in-series model

Kalari et al., Chem. Eng. J., 471 (2023) 144433.  
https://doi.org/10.1016/j.cej.2023.144433

• The aqueous phase is represented by a number of 
nL well-stirred tanks with the up-flow rate being 
equal to the backflow rate, QL

• The gas phase is approximated by a number of nG
separate tanks of constant flow rate, QG, where 
nG>nL since the mixing of aqueous phase is more 
efficient than that of the gas phase. 

• Depending on the conditions, the ozone dissolves 
in the liquid phase and a fraction of dissolved 
ozone is decomposed. 

• The dissolved ozone and other strong oxidants 
generated from it (hydroxyl roots, hydrogen 
peroxide) contribute to the mineralization of PFAS

https://doi.org/10.1016/j.cej.2023.144433
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Parameters to estimate with inverse modeling 

𝜶𝜶𝑶𝑶𝑶𝑶/𝑷𝑷𝑷𝑷

𝒌𝒌𝑷𝑷𝑷𝑷

𝑪𝑪𝑷𝑷𝑷𝑷,𝒆𝒆𝒆𝒆

𝒇𝒇𝒅𝒅𝒅𝒅𝒅𝒅

Kinetic constant of PFOA degradation rate

Lower limit of PFOA concentration 

Ratio of O3 mass consumed per unit mass of PFOA

Fraction of O3 decomposition rate 
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Variation of estimated parameters
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Conclusions

• PFOA  can be degraded by immobilized ZnO based photocatalyst.
• PFOA photocatalysis is a slow but cost efficient process.
• PFOA photocatalysis by ZnO is faster than photocatalysis with iron dopped ZnO.
• Ozonation is a fast PFOA remediation method, depending on the O3 concentration of injected gas.
• Moderate O3 concentration are more effective than low and high O3 concentration.
• Inverse modeling of PFOA ozonation experiments indicates that:

1. Low O3 concentration and low flow rates are unable to decrease respectably the PFOA 
concentration.

2. The higher the O3 concentration, the higher the O3 decomposition rate.
3. The kinetic constant is inversely proportional to O3 concentration.
4. The direct PFOA oxidation is favored by high O3 concentration.
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