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A B S T R A C T   

With nearly five decades of per- and polyfluoroalkyl substances (PFASs) being associated with firefighting and 
industrial activities, these compounds inevitably accumulate in both ground and surface water. PFAS contami
nation in water has emerged as a significant environmental and public health concern, particularly per
fluorooctanesulfonic acid (PFOS), which is often found in higher concentrations compared to other PFAS and has 
more pronounced adverse health effects. Addressing PFAS contamination requires treating large volumes of 
water, making technologies that rapidly separate and concentrate PFASs highly favoured. The strong surface 
activity of PFAS, such as PFOS, enables them to generate colloidal gas aphrons (CGAs) during high shear mixing 
of their aqueous solutions, where PFASs can be separated and collected as foam. This study aims to evaluate the 
effectiveness of high shear mixing in separating PFOS from solution, leveraging its accumulation at air–water 
interfaces. High shear-assisted PFOS separation was tested by varying parameters like rotational speed (4000 to 
10,000 rpm), mixing time (30 s to 30 min), and the effect of electrolytes. Results showed greater PFOS separation 
in the presence of electrolytes, particularly monovalent cations like Na+, compared to divalent cations such as 
Ca2+, due to the creation of more stable CGAs with smaller sizes. At a mixing rate of 6000 rpm, 85 % of PFOS was 
removed in 30 s from a highly contaminated PFOS solution (10 mg/L), with over 95 % separation after 5 mixing 
cycles. While high-shear mixing was efficient in PFOS separation from highly contaminated solutions it was less 
efficient for low-level contaminated solutions (less than 1 mg/L). These results suggest that hydrodynamic 
cavitation induced by high-shear mixing seems promising for enhancing the separation of PFOS from heavily 
contaminated solutions. This technique could serve as a standalone method or be integrated with other PFAS 
removal technologies to enhance the overall efficiency of PFAS removal from polluted water sources.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFASs) constitute a group of 
exceptionally stable chemicals extensively employed in various indus
trial and household applications. The widespread use and disposal of 
PFASs have resulted in substantial environmental release, leading to 
pervasive contamination on a global scale [1]. As a result, PFASs have 
been detected in ground and surface waters, drinking water, soils and 
sediments around the globe. Moreover, the number of studies demon
strating the toxicity of PFASs to humans and animals, as well as their 
adverse effects on the environment, continues to increase. Recognising 

these concerns, both the United States Environmental Protection Agency 
(USEPA 2019) [2] and the Australian National Environmental Man
agement Plan (NEMP 2020) [3] have established remediation goals for 
contaminated waters, setting acceptable levels at parts per trillion for 
some PFASs, which is lower than the cleanup standards established for 
other organic pollutants [4]. 

PFAS molecules are made up of a chain of linked carbon and fluorine 
atoms (CF2) with different CF2-length and a variety of functional head 
groups with either anionic, cationic or zwitterionic properties which can 
complicate their removal from different matrices [5]. Furthermore, due 
to their thermal and chemical stability, many of the in-situ or ex-situ 
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water treatment technologies have been found to be ineffective at 
removing them from water. Considering different water treatment 
technologies, the adsorption of PFASs on commercially available acti
vated carbon or ion exchange resins is one of the preferred methods to 
remove PFASs from water, especially long-chain PFASs [6]. However, a 
disadvantage of this approach is the resulting residue from the adsorp
tion process, including the spent activated carbon or resins, which must 
be treated for proper disposal or regenerated for further use [7]. For 
instance, the conventional practice of disposing of spent activated car
bon or ion exchange resins in landfills involves high costs and poten
tially poses an additional risk of human exposure to PFASs through 
landfill leachates if not managed properly in well-designed landfills 
[8,9]. While spent activated carbon can undergo regeneration through 
thermal destruction, this method can be costly due to its high- 
temperature/energy requirements [10,11]. Regenerating ion exchange 
resins, on the other hand, necessitates a mixture of solvents and salts, 
introducing a new challenge in managing the regenerated solution [12]. 
Other PFAS removal techniques from contaminated water such as 
reverse osmosis, are complex and potentially expensive to install and 
maintain, particularly due to costs associated with membrane fouling 
[13,14]. Destructive technologies such as hydrothermal alkaline tech
nique (HALT), thermal degradation/incineration, supercritical water 
oxidation or electrochemical oxidation can fully/partially degrade 
PFASs into harmless compounds. However, this technique is not 
economically viable for treating large volumes of contaminated water. 

Recently, new technologies have been introduced based on the 
accumulation of PFASs at air–water interfaces that have been applied in 
the laboratory [15,16] and field scale [4] for groundwater and landfill 
leachate treatment [17]. Foam fractionation is among these technolo
gies that employs bubble columns. The surface active properties of 
PFASs lead to their accumulation at the bubbles’ air–water interfaces. 
The bubbles (which are up to a few millimetres in diameter) are 
generated through the injection of air or N2 at the bottom of the bubble 
column. The accumulated PFAS molecules at the surface of bubbles form 
a foam over the liquid surface as the bubbles rise through the water and 
the injected gas leaves the column. The concentrated foam layer is 
subsequently removed from the column, leading to a reduction in the 
concentration of PFASs in the water [17]. Foam fractionation appears to 
be economically viable and suitable for the separation of PFASs from 
aqueous systems as it relies solely on the established and simple bubble 
columns technology. Additionally, it can be designed in modular units 
enabling mobility based on demand. Moreover, it is eco-friendly and 
sustainable, mitigating the need for adsorbents or filter materials [4,17]. 
Foam fractionation has demonstrated a high removal efficiency for long- 
chain PFASs (>90 %). Nevertheless, it is less effective in removing short- 
chain PFASs (~20–70 %) and precursors (11–90 %) [18]. Recent 
research has shown that the addition of a cationic surfactant can 
enhance the removal of short-chain PFASs during foam fractionation 
[19,20]. Although foam fractionation is not primarily intended for the 
destruction of PFASs, it can effectively minimise the volume of water 
that requires further treatment. After the foam is collected, the 
concentrated PFAS solution can be destroyed by technologies such as 
hydrothermal alkaline treatments [21]. 

The key to efficient foam generation is aeration of the target solution 
to create a high air–water surface area, so better aeration by mixing at 
high speeds is proposed to create a larger air–water interface to enhance 
PFAS adsorption. However, mostly variations of bottom-up aeration 
(bubbling) have been reported to date [19,20]. Stirring the reaction 
vessel (mechanical mixing to aerate using shear forces) is entirely un
explored in the context of PFAS separation. In this project, we propose to 
trial the use of high shear mixing (HSM) to efficiently mix and aerate 
PFAS-contaminated solution. High-shear mixing typically results in the 
formation of bubbles (CGAs) within the liquid due to hydrodynamic 
cavitation and hence it can be employed for the separation of PFASs 
from water. Removal of pharmaceutical pollutants from wastewater 
through a venturi, as cavity generator [22], and a hydrodynamic cavity 

generator [23] has been studied. Furthermore, high shear mixers have 
been applied in protein and biological separation [24,25], mineral 
processing [26,27], water purification as well as soil remediation 
[28–31]. The phenomenon of hydrodynamic cavitation occurs when the 
local static pressure in a liquid falls below the vapour pressure of the 
liquid, forming vapour-filled cavities or bubbles [32]. This pressure drop 
can occur due to the variation in the velocity profile, caused by high- 
speed passage of the liquid through a constriction, such as an orifice 
plate or venturi pipe, or the use of a high speed rotary blade [33]. 
Applying an adequately high shear rate to a surfactant solution can 
create colloidal gas aphrons (CGA) comprised of gas bubbles with a 
typical size distribution of 10 – 100 μm that are stabilised by multiple 
layers of the surfactant [34,35]. On this basis, the idea here is to use a 
high-speed mixer to form CGAs in a PFAS-contaminated water. The 
CGAs rise through the liquid to form a foam that can be extracted and 
hence lead to effective separation of PFASs from water. This method can 
create a large interfacial surface area due to the relatively small bubble 
size, contributing to the adsorption of surface-active compounds like 
PFASs or formation of CGAs made of PFASs due to their surfactant na
ture. This is advantageously in contrast to existing bubble column foam 
fractionation technologies with relatively larger bubbles. The formation 
of CGAs will be critical in the separation of PFASs via high shear mixing. 
The CGAs formed exhibit a range of properties that are influenced by the 
surfactant used in their formation and the method employed, including 
mixing speed and temperature. For example the addition of an electro
lyte or polymer to the surfactant solution, can reduce the size of CGAs 
and increase their stability [35,36]. Similarly, the size of CGAs and their 
stability can be influenced by mixing speed and solution temperature 
[37,38]. 

HSM can potentially offer several benefits for remedial applications, 
including availability in different scales, portability, energy-efficiency, 
cost effectiveness, and ease of fabrication, operation and maintenance. 
Therefore, the feasibility of HSM for removing PFASs from solution 
through formation of CGAs warrants investigation. This study presents 
the results of a proof-of-concept experiment using a HSM that is 
commercially available to concentrate and remove PFASs from a highly 
contaminated solution. The separation of PFASs is based on their sur
factant properties and the ability to create CGAs containing a gaseous 
core and a thin multi-layered aqueous surfactant shell. This study 
assessed the effect of solution mixing speed, temperature, PFAS type and 
concentration on the separation of PFASs from contaminated solutions. 
Since HSMs are simple to operate, portable and only require a mixing 
vessel for operation, they can be used for PFASs removal from water at 
different scales and in diverse environments. To the best of our knowl
edge this is the first study to demonstrate the separation of PFASs from 
water by HSM. 

2. Materials and methods 

2.1. Chemicals and materials 

Heptadecafluorooctanesulfonic acid potassium salt 
(CF3(CF2)7SO3K), perfluorooctanoic acid − PFOA (CF3(CF2)6 COOH) and 
perfluorohexasulfonate − PFHxS (CF3(CF2)5SO3H) solids used to prepare 
highly concentrated PFASs stock solutions were all purchased from 
Sigma Aldrich. Sodium chloride (NaCl, AR grade) and calcium chloride 
(CaCl2⋅2H2O, AR grade) were also purchased from Sigma Aldrich. PFAS 
standards and isotopically labelled standards in methanol Perfluoro- 
butanesulfonate (13C3-PFBS), perfluoro-1-hexanesulfonate (18O2- 
PFHxS), Perfluoro-butanoic acid (13C4-PFBA), perfluoro-pentanoic acid 
(13C3-PFPeA), perfluoro-hexanoic acid (13C4-PFHxA), perfluoro- 
heptanoic acid (13C4-PFHpA), perfluoro-octanoic acid (13C4-PFOA), 
perfluoro-nonanoic acid (13C5-PFNA), perfluoro-decanoic acid (13C2- 
PFDA) and sodium perfluoro-1-octanesulfonate (13C8-PFOS) were pur
chased from Wellington Laboratories Inc (Guelph, Ontario, Canada). 
These were used to prepare calibration standards and as internal 
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standards for PFAS analysis. 

2.2. High-shear-assisted apparatus 

A bench scale L5M-A batch mixer (Silverson, UK) was used to 
generate high shear within the PFAS solution. The mixer contained a 
stainless-steel blade with a cover around it with a mixing rate up to 
~10,000 rpm. An acrylic vessel with an inner diameter of 74 mm and a 
height of 315 mm was used for all experiments (Fig. 1). The mixing head 
was placed in the centre of the vessel and 25 mm above the bottom. A 
screen that consisted of 5 holes of 10 mm diameter surrounding the 
mixing blade was used in all experiments. The confined space between 
the rotating blade and the stagnant screen (cover/casing) enables a 
higher shear, facilitating the generation of bubbles. 

During mixing, the rotating agitator (rotor) also functions as a cen
trifugal pump, drawing water from the gap around the rotating shaft and 
expelling it through the screen holes. This creates a circulating flow 
within the container, drawing the liquid upwards from the bottom of the 
vessel. When the vessel has a cylindrical shape, vortexing can occur on 
the side of the mixing impeller which can introduce air into the solution. 
The air is sucked into liquid by the pressure difference. The air disper
sion into the bulk liquid will increase as the mixing speed increases. 

2.3. PFAS separation experiments 

All experiments were conducted with 400 mL of PFOS solution with a 
concentration of 10 mg/L, except for the cases described below. The 
foam created in the experimental vessel during mixing the PFAS solution 
at a given time or mixing speed, is depicted in Fig. 1. As soon as the 
mixing finished, the foam floated to the top of the solution. Samples of 
the foam and the solution were taken from the top and bottom of the 
vessel, respectively, for PFAS analysis. The change in volume of the 
solution due to foam formation, as well as foam volume was recorded for 
each experiment and used for mass balance calculations. 

The concentration of PFAS in wastewater from the photolithography 
process may exceed 1000 mg/L and PFAS concentration in the waste
water of aqueous film-forming foams can also be 3–6 g/L [15,39]. On 
the other hand the concentration of PFAS in ground and surface water, 
and landfill leachates is usually in 10–1000 µg/L ranges [19,40]. 
Therefore, different ranges of PFAS concentration were used in this 

study but the focus was mostly on highly contaminated solution to be 
able to proof the main concept of this study. 

The effect of shear rate, mixing time, PFAS concentration and type, 
and the presence of different salts were investigated. To investigate the 
effect of shear rates, a PFOS solution (10 mg/L) in MQ water was mixed 
at different rates (2000, 4000, 6000, 8000 and 10,000 rpm) for 4 min as 
the variations in rotational speeds can impact both the energy con
sumption of the instrument and the resulting shear force. Energy con
sumption plays a role in the economic feasibility of the technology, 
while shear force influences the formation of CGAs including bubble size 
and stability. At the same time, the effect of ionic strength on PFOS 
separation was investigated by mixing a PFOS solution (10 mg/L) made 
in 10 mM NaCl solution at different mixing rates (2000 to 10,000 rpm). 

The effect of mixing time on PFOS separation was examined by 
mixing the solution (15 mg/L) at 6000 rpm under different time frames 
(30 s, 2, 4, 8, 16, and 32 min). As high shear spinning can create high 
energy during the mixing, the temperature of the solution was also 
monitored during all the experiments. The influence of initial PFOS 
concentration was investigated by using solutions containing 100 µg/L, 
1 mg/L and 10 mg/L PFOS. At the same time, the effect of different salts 
was investigated by adding 10 and 50 mM NaCl, 4 mM and 10 mM CaCl2 
to the separation vessel. The effect of PFAS CF2-chain length and the 
functional head group was also investigated by diluting an aqueous film- 
forming foam (AFFF) solution containing a mix of PFASs to have a so
lution concentration with 

∑
PFAS = 1 mg/L. 

A mixture of PFOS, PFOA and PFHxS solution with the concentration 
of each PFASs adjusted to 10 mg/L was mixed in the presence of 10 mM 
NaCl for 1 min at 6000 rpm to investigate the effect of PFASs carbon- 
chain length and head group on removal using HSM. This experiment 
was repeated over 5 shear cycles. The foam was removed with each 
cycle, then the remaining solution was mixed for 1 min at 6000 rpm to 
investigate the removal of different PFASs. Microscopic photos of foams 
were taken using a Nikon Ni-E optical microscope to enable the char
acterisation of the CGAs formed. 

2.4. PFAS analysis 

Samples of the collected foam or solution were diluted with water 
and then 50 % methanol and prepared with 20 ug/L internal standard 
for PFAS analysis. Samples were analysed for PFAS concentration using 
a Thermo Scientific TSQ Altis triple-quadrupole mass spectrometer 
equipped with Thermo Scientific UltiMate 3000 HPLC system. A 10 μL 
sample was injected to a Phenomenex Kinetex 2.6 μm C18 (100x2.1 mm) 
column which was maintained at 40 ◦C. Two mobile phases of 5 mM 
ammonium formate (NH4HCO2) and methanol at a flow rate of 0.25 mL/ 
minutes were used while a gradient program was used for PFAS analysis. 
The gradient elution started with 10 % methanol which was held on for 
2 min, after which increased to 20 % methanol in 4 min, then 98 % 
methanol in 6 min. This condition was kept until 12.4 min then the 
mobile phase was immediately switched to 10 % methanol, finishing 
with a total run time of 15 min. Quantitation was based on internal 
standard calibration where analogous isotopically labelled PFAS are 
available. The limit of quantification for both PFOS, PFOA and PFHxS 
was 0.5 µg/L while for other PFASs were varied from 0.2 to 0.5 µg/L. 

2.5. Calculations and statistical analysis 

PFAS separation from the solution was calculated using the equation; 

%separation =
Ctotal − Ce

Ctotal
× 100 (1)  

where Ce is PFAS concentration (mg/L) in the solution after mixing and 
foam removal and Ctotal is initial concentration of PFASs (mg/L). Mass 
balance was calculated based on equation (2); Fig. 1. Schematic diagram of the high-shear mixing apparatus.  
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Massbalance =
(Ce*Ve + Cf*Vf)

Ctotal*Vtotal
(2)  

where Ce is PFAS concentration (mg/L) in the solution after mixing and 
foam removal, Ve (L) is the volume of solution left in the vessel after 
removing the foam, Cf (mg/L) is PFAS concentration in foam and Vf (L) is 
the volume of collected foam, and Vtotal (L) is the initial volume of the 
solution before mixing. 

IBM SPSS statistical software was used for analysis of variance 
(ANOVA). Multiple comparisons of means were conducted using the LSD 
test when the ANOVA indicated significant differences. The level of 
significance was set at p ≤ 0.05. 

3. Results and discussion 

3.1. Effect of shear rate and electrolyte concentration on PFOS separation 

Mixing at different rates decreased the PFOS concentration to vary
ing degrees in solutions with no electrolyte (Fig. 2a). No significant 
differences were observed in the PFOS separation among solutions 
stirred at rotational speeds ≤ 8000 rpm (p ≤ 0.05). The most substantial 
PFOS separation, representing the lowest concentration in the remain
ing solution, occurred at 10,000 rpm, where 42.7 % of the initial PFOS 
mass was effectively removed (Fig. 2b). The increased separation effi
ciency at 10,000 rpm can be attributed to the enhanced stability of 
CGAs, evident in the prolonged half-life of CGAs achieved by raising the 
rotational speed. This facilitates the efficient harvesting of PFOS as a 
foam, enabling effective separation from the solution. Similar observa
tions of increased stability of CGAs produced from various surfactants 
have been reported by others. [38]. 

The presence of NaCl (electrolyte) in the solution led to a significant 
improvement in the separation efficiency and decrease in PFOS con
centration in the remaining sample, in contrast to the solution without 

NaCl (Fig. 2a). Consistent findings by others support this, where the 
addition of electrolytes, such as NaCl, resulted in greater PFAS separa
tion compared to experiments conducted without electrolytes [15,16]. 
High shear, coupled with the presence of the surfactant (PFOS), facili
tated the generation of CGAs in the solution, irrespective of the presence 
of NaCl. However, NaCl did influence both the quantity and stability of 
CGAs (Figure S1, SI). In the presence of NaCl, CGAs exhibited signifi
cantly smaller sizes, and more foam was generated. The addition of NaCl 
contributed to a decrease in the surface tension of the PFAS solution 
[19], enhancing foamability, CGA stability, and half-life [35,37]. Elec
trolytes, such as NaCl, may also reduce hydrophobic attraction between 
bubbles by generating repulsive hydration forces [35,41]. Additionally, 
reducing the size of gas bubbles due to presence of electrolyte such as 
NaCl can enhance their negative surface charge, increasing electrostatic 
repulsion and overall stability. This is in agreement with the findings of 
Meng et al. [15] who demonstrated that the volume of foam and stability 
of air bubbles increases in the presence of NaCl. Therefore, the reduction 
in bubble size and enhancement of PFOS foam stability holds the po
tential to increase PFOS separation during the separation process. 

Mass balances between 91 to 106 % were achieved for both NaCl-free 
and NaCl-containing solutions at rotational speeds of 4000 and 6000, 
but the mass balance dropped to 60–66 % for higher rotational speeds. 
Higher rotational speeds can generate smaller CGAs (Fig. 3c-f), and 
there is a possibility that some PFOS may have been removed from the 
mixing vessel as aerosol. Nguyen et al. [42] showed that during the 
aeration of PFAS-contaminated wastewater, PFAS can exit the aeration 
vessel as aerosol. Additionally, they observed less mass recovery at high 
aeration rates compared to low aeration rates. Similarly, while HSM can 
create smaller bubbles compared to aeration using gas bubbles, at high 
rotational rates, some of these bubbles may exit the separation vessel as 
aerosol that can lead to variability at mass balance. However, more 
studies are required to confirm this. 

Fig. 2. (a) The mass of PFOS remaining in solution (mg) after mixing a contaminated solution (containing 10 mg PFOS) with or without NaCl at different rotational 
speeds for 4 min and (b) percentage of PFOS separated from the solution at different speeds, and microscopic images of foams from different positions that created at 
4000 rpm (c and d) in the presence of electrolyte (10 mM NaCl) and (e and f) no electrolyte (no NaCl). Scale bars represent 100 µm. Error bars represent standard 
deviation of n = 3. (The statistical differences between the same treatments with different rotational speeds are represented by letters ’a’ and ’b’, where treatments 
with no significant differences are assigned the same letter, and those with significant differences are assigned different letters.). 
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The most substantial reduction in PFOS concentration within the 
PFOS-NaCl solution occurred using 4000 rpm, resulting in 85 % removal 
of the pollutant mass (Fig. 2b). Notably, there was no significant dif
ference in PFOS separation between mixing rates of 4000 and 6000 rpm 
(p ≤ 0.05) (Fig. 2a), with nearly 80 % of the initial PFOS removed using 
10,000 rpm. The observed decrease in PFOS separation with increasing 
mixing rates can be attributed to variations in CGA sizes and the 
quantity of foam generated. At 4000 and 6000 rpm, the foam height and 
volume were notably greater compared to other mixing speeds (Fig. 3a 
and Figure S2, SI), correlating with the mass of PFOS in the collected 
foam (Fig. 3b). 

After mixing stopped, foams generated by HSM initially increased in 
height and then slowly degraded (Fig. 3a). Increasing the mixing rate led 
to a reduction in CGA size and foam volume measured during the initial 
3 min of foam formation on top of the separation vessel Fig. 3a and c). 
The presence of bubble swarms in the liquid pool can influence in
teractions between bubbles, affecting the hydrodynamics of the liquid 
flow around them and altering the shape and interfacial behaviour of the 
bubbles [43]. Fast-moving bubbles in a swarm can decrease movement 
of adjacent bubbles regardless of their size, and a large population of fine 
bubbles can also decrease the rise velocity of all bubbles. This may 
explain the lower concentration of PFOS in the foam with increasing 
mixing speed (Fig. 3b) [44]. This may explain the lower concentration of 
PFOS in the foam with increasing mixing speed (Fig. 3b). Observation of 

foam formation and collapse across all solutions confirmed their corre
lation with CGA size, influenced by different mixing speeds. 

While the addition of the electrolyte (10 mM NaCl) increased foam 
stability and PFOS separation from solution, increasing the NaCl con
centration up to 50 mM NaCl did not increase the PFOS separation 
significantly (Fig. 3g). Meng et al. [15] also showed that PFOS elimi
nation by foam fractionation increased from a solution by increasing 
NaCl concentration until a certain concentration of NaCl and remained 
constant afterwards. However, Buckley et al. [19] reported greater 
removal of PFOS by foam fractionation at 100 mM NaCl compared to 10 
mM NaCl. In our study, increasing the NaCl concentration to 50 mM 
produced a less stable foam with larger bubbles having irregular shapes 
where bubbles collapsed quickly taking the microscopic image difficult. 
This might be related to the decrease in the negative surface charge of 
the CGAs due to the enhanced shielding effect in the vicinity of the 
surface of CGAs enhancing bubble coalescence [45]. The presence of co- 
ions can cause screening of the electric double layer around the CGAs 
which can decrease the external negative electrostatic pressure around 
CGAs leading to pressure imbalance across the CGAs and their collapse 
[46]. While the addition of NaCl can decrease the surface tension of a 
PFOS solution and increase its foamability, increasing salinity can also 
decrease the foamability of the surfactant due to increased stability of 
micelles in the solution and their lower propensity for foaming [47]. 
Indeed, when NaCl was replaced with CaCl2 (4 mM), PFOS separation 

Fig. 3. (a) Foam height on top of solution at different time intervals after mixing stopped as a function of mixing rates, (b) Mass of PFOS measured in the collected 
foam after mixing at different mixing rates for 4 min (the initial PFOS mass in the solution was 10 mg), (c-f) Microscopic images of the foam collected from the top of 
the vessel after mixing stopped. These were taken for solutions mixed at 4000 (c), 6000 (d), 8000 (e), and 10,000 (f) rpm (The red line corresponds to 100 µm), and 
(g) PFOS separation efficiency in the presence of different electrolytes. Error bars are representing standard deviation of n = 3. 
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decreased to 77 %. By increasing the CaCl2 concentration to 10 mM, 
PFOS separation was drastically decreased to 37 %. The foams created in 
the presence of CaCl2 were much less stable than those formed in the 
presence of NaCl and collapsed in less than 2 min. Divalent cations can 
act as bridging cations between anionic PFOS molecules [48], resulting 
in the formation of aggregates that may supress foam formation. 

The mass balance for these solutions varied greatly, ranging from 55 
to 104 %, with the lowest mass balance observed for the solution with 
the highest concentration of CaCl2. This could be related to underesti
mation of PFOS concentration, specifically in foam where greater con
centrations of cations and PFOS are found. Steffens et al. [48] showed 
that PFOS concentration can be underreported when ionic strength is 
high and can be affected more by di-valent cations compared to mono- 
valent cations. However, Schaefer et al. [49] reported the minimal effect 
of 10 mM NaCl on PFOS air–water partitioning behaviour, which could 
explain better mass balance for the experiments with 10 mM NaCl 
compared to others. 

3.2. Effect of mixing time 

The concentration of PFOS remaining in the solution was relatively 
the same after mixing times ranging from 30 s to 32 min. For all mixing 
times studied, ~ 85 % separation was achieved (Fig. 4a and b). This 
shows that mixing the solution for longer times in the batch experiment 
has no effect on PFOS separation. However, the concentration of PFOS in 
the foam increased with mixing time up to 16 min, but decreased after 
mixing for 32 min. This could be related to the greater volume of foam 
formed after mixing for 32 min that could dilute the PFOS concentration 
within the foam. a greater foam height was observed at 32 min 

compared to other mixing times (Fig. 4c). That could be related to faster 
movement of CGAs after mixing for 32 min due to the increased tem
perature of the mixing solution (Fig. 4b). Zhang et al. [50] showed an 
increase in the rise velocity profiles of bubbles in the water and solutions 
of Triton X-100 surfactants as temperature increased from 6 to 40 ◦C. 
This was also observed in our experiments (Fig. 4b and Figure S3, SI), 
where the temperature of solutions mixed for 32 min increased by over 
10 ◦C. 

3.3. Effect of consecutive mixing and PFAS chemistry/concentration 

Increasing the number of mixing events (cycles) progressively 
removed more PFASs from solution (Fig. 5). PFHxS and PFOA concen
trations demonstrated a linear decrease with an increase in the number 
of cycles, while PFOS concentration exhibited an exponential decrease. 
Over 85 % of the initial PFOS mass was effectively removed in the first 
two cycles. Notably, in the presence of elevated PFHxS and PFOA con
centrations, a 60 % decrease in PFOS separation was observed in the first 
cycle compared to experiments conducted under identical operational 
conditions but without PFHxS and PFOA (Figs. 5 and 2b). However, it is 
important to highlight that PFOS separation was significantly greater 
than that of PFHxS or PFOA. This could be due to the greater hydro
phobicity and critical micelle formation (CMC) properties of PFOS. It has 
been shown that surfactants with a lower CMC exhibit better foaming 
properties and that increasing the hydrophobic chain length of the 
surfactant lowers its CMC and enhances foamability. [51] Other studies 
have correlated PFAS separation through foam fractionation with CF2- 
chain length and functional head group, showing increased separation 
for longer-chain PFASs [4,16,19,20]. A cumulative separation of 95 % of 

Fig. 4. (a) Concentration of PFOS remaining in the solution and in the foam after mixing a contaminated solution at 6000 rpm for different times, (the blue line is the 
initial solution concentration“ and the red dots are the final solution concentration) (b) Percentage of PFOS mass removed and increase in solution temperature after 
mixing at different times (the initial solution temperature was the same for all experiments (21.5 ± 0.2 ◦C), and (c) Foam height measured at different time intervals 
after mixing a solution for 30 s, 8, 16 and 32 min. Error bars represent standard deviation of n = 3. 
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the initial PFOS mass was achieved after 5 mixing cycles. Hence, 
consecutive mixing and foam separation are more effective than long 
mixing times (Fig. 4c). Mass balances for the PFASs were calculated for 
each cycle and all PFASs were between 86 to 108 %. 

When PFOS concentration was reduced to 1 mg/L, only 27 % of the 
initial PFOS mass was removed from a solution containing 10 mM NaCl. 
The volume of foam generated was very low and collapsed quickly. In 
the solution with 10–15 mg/L concentration of PFOS, the surface tension 
decreases more than 1 mg/L [52], therefore the water film in the bubble 
is not pulled back into the liquid water while more bubbles are created 
[53]. However, when an AFFF solution was used with a 

∑
PFASs con

centration of 1 mg/L (PFOS was the dominant species − 98 %), 66 % of 
the PFOS mass was removed by a single 30 s cycle (Fig. 5b). PFAS 
separation was dependent on CF2-chain length and functional group and 
a zwitterionic compound (N-TAmP-FHxSA) was more effectively 
removed than PFOS. This can be related to the effect of surfactant 
(PFASs) chain length and head group on bubble formation using hy
drodynamic cavitation. Leong et al. [54] showed that the zwitterionic 
surfactant dodecyl dimethyl ammonium propane sulfonate (DDAPS) and 
Dodecyl trimethyl ammonium chloride (DTAC) caused a greater in
crease in growth rate than sodium dodecyl sulfate (SDS) or dodecyl 
dimethyl ammonium propane sulfonate (DDAPS). There were no bub
bles formed when 100 µg/L PFOS was subjected to the same mixing 
conditions. This shows that for lower concentrations of PFASs, co- 
foaming agents (e.g. surfactants) are required to form CGAs as found 
in other air- or gas-generated foam fractionation studies [19,20]. 

3.4. Advantages of the high shear mixing for PFAS separation 

Direct comparison of the results of this study with air- or gas 
generated foam fractionation may not be feasible due to different 
experimental setups and experiment conditions such as initial feed 
concentration or addition of co-foaming agents. For example, in the 
study published by Meng et al [15] that used PFOS at high concentra
tions (42 mg/L) in a range similar to this study- with or without the 
addition of co-foaming agents, the authors achieved ~ 99 % PFOS 
separation after 120 min of aeration. A recent review by We et al. [40] 
has summarized all of the published results using foam fractionation for 
PFAS separation where the aeration time used was varied from 20 to 
120 min with feed solution concentrations of 1.1 µg/L to 200 mg/L and 
found varied percentages of PFAS separation from 42 to 99 %. The HSM 
method described in this study resulted in the separation of 85 % of the 
PFOS mass within 30 s and more than 95 % in 5 min achieving the 
separation in a very short time. Similar to other studies that used gas 
bubble injection for PFAS separation [19,20,40,55], the use of HSM may 

also require co-foaming agents to remove solutions containing low 
concentrations of PFASs. 

An additional advantage of the method outlined in this paper is its 
utilisation of off-the-shelf equipment readily available at both labora
tory and larger scales. The system could be portable and unlike gas or 
air-generated foam fractionation, HSM efficient blends and aerate PFAS- 
contaminated solutions, offering a more straightforward and feasible 
application under diverse conditions. The simplicity of high shear mix
ing equipment often translates to lower maintenance costs compared to 
the foam generation and collection systems utilised in foam fraction
ation. This technology can serve as a stand-alone method for PFAS 
separation or be seamlessly integrated into existing treatment processes 
like adsorption or soil washing. 

In general, high shear mixers offer several significant economic ad
vantages across diverse industrial applications such as lower initial in
vestment and operational costs compared to alternative mixing 
technologies. The simplicity of their design and operation translates to 
reduced maintenance expenses and less downtime, contributing to 
overall cost savings. Additionally, high shear mixers are known for their 
efficiency in achieving rapid and thorough mixing, which leads to 
shorter processing times and higher throughput. This efficiency not only 
enhances productivity but also reduces energy consumption, further 
lowering operational expenses [56]. However, in order to compare high 
shear mixers with technologies like foam fractionation for PFAS sepa
ration, parallel experiments must be conducted under identical condi
tions to ensure an appropriate comparison. 

4. Conclusion 

Mixing of PFOS high rotational speed (high shear) conditions can 
lead to the separation of PFOS via the generation of CGAs due to the 
surface activity of PFOS. Furthermore, rapid separation of PFOS was 
achieved (within 30 s) in the presence of a background electrolyte 
(NaCl) due to the creation of small and stable CGAs. Nevertheless, 
increasing the mixing rate and time did not affect the transfer of PFOS to 
the foam. A cumulative separation of 95 % PFOS was achieved after 5 
short shear cycles. Separation of PFASs was low for solutions with low 
concentrations of PFASs (<1 mg/L) which can be potentially resolved by 
the addition of co-foaming agents, as used for gas- or air generated foam 
fractionation. 

This study demonstrates the substantial potential of PFAS separation 
from contaminated water using a high shear mixer. The simplicity of this 
approach could offer economic advantages over the available PFAS 
separation technologies. Nonetheless, further research is needed to gain 
a deeper understanding of the phenomenon, enhance its efficiency and 

Fig. 5. A) separation of pfos, pfoa and pfhxs over 5 cycles of mixing a spiked solution at 6000 rpm, symbols represent remaining concentration in solution expressed 
as a fraction of the initial concentration and lines represent % separation, PFAS separation are represented as line while C/C0 as circle dots, and b). Separation 
efficiencies for various PFASs from a diluted AFFF solution (

∑
PFASs = 1 mg/L, 6000 rpm, 30 s). Red signifies carboxylate species, blue sulfonate species and grey the 

zwitterionic species. Error bars representing of standard deviation of n = 3. 
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identify its potential and challenges in real-world scenarios such as 
groundwater or wastewater containing a mixture of PFASs. Improved 
design should be explored to perform continuous PFAS separation with 
optimised separation vessel dimensions, mixing rates and times for 
large-scale separation. Further, a real scenario using groundwater or 
wastewater containing a mixture of PFASs should be tested. 
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