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Principles of Sonochemistry
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Human Hearing - 16 Hz - 18 kHz
Conventional Power Ultrasound . 20 kHz - 40 kHz
Range for Sonochemistry . 20 kHz - 2 MHz
Diagnostic Ultrasound 5 MHz - 10 MHz

Primary Sonochemistry:
Reactions occur inside
bubble producing products.

Secondary Sonochemistry:

Radicals diffuse into
liquid phase and react.
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Vecitis et al (2008)
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Laboratory-scale React
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Reactor Operation

Batch-mode PFAS Solution
Sonication (240 min) o

;

-

Agilent 6460 triple Quadrupole mass
Spectrometer (LC/QgQMS)

PFAS Analysis
Coolant
ouT
Anions
>
Sample Collection every 30 min REMITEC
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Half-lives of Individual PFAS
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Kinetics of PFAS Solytic Degradation

ksulfonates < kcarboxylates

Steric Hindrance & Surface Activity >

" sulfonates . g 4 Strength

Steric Hindrance & Surface Activity

carboxylates C-C Bond Strength

klong—chain > kshort—chain

Degradation rates are controlled _byg;h\,%pql\égii‘!g}bigtysl;l)grlzF_ACShgir;l/l;lgdmﬁ%li’g@sonic cavity

PFOS (C,) > PFOA [C.f"% PFBY {eurss peBA {CS
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F FF FF F
6:2 fluorotelomer sulfonamide alkylbetaine (6:2 FTAB)

2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoic acid (HFPO-DA)
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Effect of Salinity

O cavities collapse or
aggregation
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O TDS = O surfa sion = O surface excess and phase separation
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Groundwater Characteristics

High TDS Low TDS

Fluoride (mg.L?) N.D. 3.3

Chloride (mg.L1) 5283.7 55.5

Nitrite (mg.L 1) 15.4 N.D.

Bromide (mg.L1) 17.4 N.D.

Nitrate (mg.L?) 11.0 4.0

Sulfate (mg.L?) 1955.5 19.7

Sodium (mg.L?) 3202.9 25.13
Aluminum (mg.L?) N.D. N.D.
Magnesium (mg.L?) 581.5 13.37

Calcium (mg.L?) 1145.0 96.13
Manganese (mg.L1) 1.71 0.02

lron (mg.L?! 0.05 N.D. .

lTDS (mg.L?Y) 10200.0 388.0 Sea water TDS =35 g/L

pH 6.70 6.7

Specific Conductance (uS.cm?) 16000.0 610.0

TOC (mg.L1) ) 6.43 4.45 REMITEC
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Pseudo-first-order removal rates of 24Mix

/ Half life = 34.6 min / Half life = 13.9 min Half life = 19.8 min

Sea water TDS=35g/L .
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If multiple species (24Mix) are competing for the same cavity the kinetics remain pseudo-first-order.

PFASs < 8: “ow TDS groundwater > kdeionized water REMTEC
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Concentration of PFAS in IDW
ranged from 16 pg/L to 37
mg.L
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Large-scale Reactor for Field Demonstration
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Reactor Operation

Agilent 6460 triple Quadrupole mass
Spectrometer (LC/QqQMS)
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Polypropylene

/ PFAS Analysis

Extraction in

90% ethyl acetate w
, 10% trifluoroethanol 'l =
Batch-mode (30 min shaking) : =

Sonication (8 or 6 h)
Hourly Cycle: 45 min ON - 15 min OFF

Dionex Integrion HPIC,

., Coolant . C e
> Thermo Fisher Scientific

ouT

TOP Assay

Hourly Sample Collection REMITEC
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Rate Comparison: Lab vs. Field
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Estimated Energv Consumption

9
. - S y=0.0276x @
Power Density Vol ) Perf ch . . T=25 T=15 T=25 T=15 8 L 5 L7
(W.LY) olume (L) Performance Characteristics °c °c °c °c = R2 = 0.960@/
C ,
Cumulative k x 103 (minY)  4.65  3.02  4.54  3.09 = 7 F 7
Ey (MWh.g) 129 163 286  3.35 w6 L 7
() 7
L >4 E.o (kWh.m3.order)  546.97 652.05 559.10 822.93 = . éD
Energy Consumed (kWh) ; i I In (ZCL/ )
Mass Removed (mg) N 4 | 7 Tk = ZCf
Cumulative k x 103 (minY) ~ 4.85  5.39 4.8 5.54 3 ot
[ [
E.., (MWh.g?) 229 221 493 468
203 23 = 100 200 300
3 -1 .
Eco (kWh.m=.order™) 839.41 755.08 847.33 746.54 Power DenS|ty (W/L)
Energy Consumed (kWh) 28.00 Error bars represent standard
Mass Removed (mg) 12.25 12.68 5.68 5.99 deviation in energy consumption
with temperature
Cumulative k x 103 (min1) 8.60 8.51 8.61 8.48 | f h .
Eey (MWh.g2) 298 293 627  6.53 On y S 3.1410r 8 operation
305 22 E.o (kWh.m3.order!)  696.13 702.74 69526 705.82 @ $0.12/kWh
— 3
Energy Consumed (kWh) 27.44 - Sozz/gal or 558/m
Mass Removed (mg) 9.22 9.38 4.38 4.20 EMTEC
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Key Takeaways

= Ultrasonic irradiation rapidly defluorinates single PFAS and complex mixtures
= Degradation rates are controlled by the availability of PFAS in the ultrasonic cavity
= k_carboxylates > k_sulfonates

= k_(long-chain) > k_(short-chain)

No short chained terminal PFAS were produced from AFFF or IDW sonolysis.

Salinity affects PFAS surface activity; consequently degradation rates.

600 kWh/order/m3 consumed for 22.15 mg PFAS mass removal @122 W/L

Ultrasonic treatment can stoichiometrically defluorinate PFAS in mixtures, such as
AFFF and IDW =2 more cost-effective for concentrated wastes, brines; little to no

production o’f disinfection by-products. PEMTEC
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